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Summary
The development o f single-chip transmitters and receivers is hindered by several 
obstacles. The main difficulties include the low quality factor o f MMIC filters, 
limited output power o f solid state devices at millimeter-wave frequencies, and 
poor frequency stability o f monolithic oscillators. This research investigates 
novel techniques to overcome these challenges. The scope o f work includes 
proposal o f new circuit structures and techniques, theoretical analyses, MMIC 
realisations and experimental verifications with measured results.
To reduce filtering requirements, single-ended and single-balanced resistive 
mixers, utilising a unique resonance technique to achieve port isolations, are 
developed for V-band direct conversion receivers. A double-balanced resistive 
mixer, with high input power capability to reduce output power amplification 
requirements is also developed for millimeter-wave transmitters. A distributed 
resistive mixer is proposed to achieve wideband performance with low 
intermodulation. As an alternative to the use o f baluns for generating anti-phase 
signals required in balanced mixers, a balanced oscillator is introduced. This 
novel oscillator can also operate as a power combining oscillator to obtain higher 
output power. In addition, a transmission-line stabilising technique can be 
applied to improve the oscillator phase noise.
For the analysis o f  mixer circuits, the large-signal / small-signal analysis 
technique is extended to the case o f multiple device mixers. For baluns used in 
the balanced mixers, a simplified analysis is applied, leading to a new class of 
impedance transforming baluns, which can be matched at all ports.
The MMIC mixers, oscillator and baluns are realised using Marconi Caswell Ltd. 
foundry process. The performances o f  the fabricated MMICs are verified using 
on-wafer measurements. Theoretical analyses o f the multiple device mixers and 
baluns are in good agreement with experimental results. The oscillator power 
combining and frequency stabilising techniques are also demonstrated 
experimentally.
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Chapter 1
1 Introduction
1.1 F re q u e n c y  c o n v e rte rs
A fundamental function o f any microwave transmitter-receiver system is frequency 
conversion. This is the ability to shift signals at one frequency to another, where 
the task o f signal transmission or reception can be performed more effectively. 
This frequency shifting is achieved by applying the signal into a mixer, which is 
‘pumped5 by a large local oscillator (LO) signal. The desired frequency is a result 
o f the intermodulation between the signal frequency and the LO frequency in the 
mixer. Unfortunately, the imperfections o f the mixer often cause signal 
degradation in the frequency conversion process in the form o f conversion loss, 
noise performance degradation and spurious signal generation. Therefore, other 
circuit functions like amplification and filtering have to be introduced to mask 
these mixer shortcomings. This is illustrated in Figs. 1.1 and 1.2, which show the 
basic building blocks o f frequency down- and up- converters used in typical 
microwave receivers and transmitters.
LNA RF Filter Mixer IF Filter IF amplifier
RF •- IF
LO amplifier
LO
Figure 1.1; Basic building blocks of a typical microwave down-converter
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IF A m p l i f i e r  M ix e r  RF Fi l ter  RF Power  am pl i f i e r
t>IF * D>
•  RF
LO ampl i f i e r
Figure 1.2: Basic building blocks of a typical microwave up-converter
In the downconverter shown in Fig. 1.1, the low noise amplifier (LN A) at the 
input establishes the overall system noise figure, thus reducing the effect o f  mixer 
noise figure on the downconverter noise performance. The signal is filtered by a 
radio frequency (RF) filter before mixing, to prevent down conversion o f  the 
undesired image signal. An intermediate frequency (IF) filter is also employed 
after mixing to remove undesired spurious mixing products. Finally, an IF 
amplifier is used to recover any signal loss in the frequency conversion and to 
obtain the desired signal level for baseband detection. A  LO amplifier may also be 
required to act as a buffer amplifier for the LO and to obtain the required LO 
pow er level for the mixer.
Fig. 1.2 shows a typical upconverter b lock  diagram for microwave transmitters, 
which is essentially the reverse o f  the down-converter. In this case, the main 
objective is to achieve the required transmitting pow er with low levels o f  
undesired spurious signals. The required output power is achieved through the IF 
amplifier and the RF pow er amplifier, while the spurious signals are rejected by 
the RF filter.
2
In the past, most o f  the frequency converter circuit functions o f  mixing, 
amplification and filtering have been served by hybrid M icrowave Integrated 
Circuits (M ICs), where active and passive discrete components such as transistors, 
inductors, capacitors and resistors are attached on a dielectric substrate. In 
contrast, in the developing technology o f  Monolithic M icrowave Integrated 
Circuits (M M ICs), all circuit com ponents, both active and passive are fabricated 
on a common semi-insulating substrate. M M ICs have significant benefits over MIC 
in terms o f  smaller size, lighter weight, improved performance, higher reliability 
and lower cost in high volume applications. Therefore, a central theme in recent 
M M IC research and development has been the replacement o f  M IC components 
with their M M IC counterparts in the pursuit o f  a fully integrated frequency 
converter [1 .1-1.5]. Single-chip transmitters and receivers have becom e the most 
desirable MM IC products, with applications in mobile communications, wireless 
LANs, satellite TVROs, and wireless loca l-loop  outdoor units.
Realising frequency converters on a single chip, however, presents major 
challenges, as some o f  the required components cannot be adequately implemented 
in M M IC form. Firstly, it is rarely practical to implement the required filters on a 
chip. At low microwave frequencies, filters using distributed structures are too 
large. The use o f  lumped M M IC com ponents, on the other hand, results in filters 
with low Q factor, which are inadequate for the high selectivity required in 
microwave receivers. Even in hybrid M ICs, high Q waveguide filters have to be 
employed to achieve the high selectivity required in some applications. Active 
filter techniques using FETs have been proposed as an alternative approach. These 
filters, however, suffer from poor noise and linearity performance, and high 
sensitivity to the operating conditions.
Another consequence o f  the low  Q monolithic circuitry is that monolithic 
oscillators generally have poor phase noise and frequency stability. To meet the 
low noise requirements o f  practical systems, some form o f  frequency stabilisation 
technique has to be employed. The most common techniques are the use o f  
dielectric resonator oscillators (D R O s) and phase locked oscillators (PLOs). These
1.2 MMIC Implementation Challenges
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stabilising schemes, unfortunately, require the use o f  external components. The 
DROs require an external dielectric puck, which has to be coupled to an off-ch ip  
transmission line while the PLOs require additional integrated circuits like 
frequency dividers, multipliers and phase comparators.
Although small-signal amplifiers can be readily implemented on M M ICs, the 
development o f  M M IC power amplifiers for transmitters is hindered by problems 
o f  heat extraction, matching to low  impedances and low yield. The situation is 
exacerbated at millimeter wave frequencies where the available power from a 
single device decreases rapidly with frequency. To achieve the required power, the 
output pow er o f  several devices has to be combined. This requires the use o f  
pow er combining structures, which often have to be implemented off-chip.
Therefore, the system issues o f  filtering, power amplification and oscillator phase 
noise have to be addressed before a fully integrated frequency converter can be 
realised. Many o f  the proposed alternative approaches were extensions o f  M IC 
based design concepts. Creating interchangeable parts with hybrid components 
does not offer a long-term  or cost-effective solution to system requirements as the 
hybrid system architecture does not take advantage o f  the inherent capabilities o f  
M M IC technology. Thus, new techniques have to be developed with a view o f  
realising highly integrated microwave and mm-wave frequency converters in the 
future.
1.3 Novel Work Undertaken
In this research, several novel approaches are adopted to address the problems o f  
implementing monolithic frequency converters. Instead o f  attempting to improve 
the performance o f  on-chip filters, alternative system architectures and mixer 
structures which reduce the filtering requirements are explored. Direct conversion 
receivers, which downconvert the RF directly to baseband without 
downconverting to an IF as in conventional heterodyne receiver, eliminate the 
need for image-reject and IF filters. Resistive FET mixers, which exhibit low 
intermodulation, reduce the spurious signal filtering requirements in transmitters.
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In this research, a novel resistive FET mixer for V-band direct conversion 
receivers has been developed. Both single-ended and single-balanced mixers have 
been implemented. A distributed resistive FET mixer was also implemented to 
achieve wideband performance with low intermodulation.
An approach to reduce the gain requirements o f  the transmitter power amplifiers is 
to place most o f  the power amplification in the IF amplifier. This requires a high 
level mixer which exhibits low spurious levels at high input powers. A double­
balanced resistive FET mixer using planar baluns for the LO, RF and IF has been 
implemented for this application.
The use o f  general-purpose non-linear simulators for multiple device mixers such 
as distributed and balanced mixers often results in convergence difficulties due to 
the large number o f  non-linear elements involved. An alternative approach is to 
apply the restricted mixer analysis technique where the analysis is performed in 
two steps: large-signal and small-signal. As the technique is normally applied to 
single device mixers, the algorithm has been extended in this work for the analysis 
o f  multiple device mixers.
An important part o f  the design o f  MM IC double-balanced mixers is the design o f  
the planar Marchand baluns. These baluns are analysed by considering the 
structure as two identical couplers. This results in a new technique for designing 
impedance-transforming baluns. In addition, by incorporating a resistive network 
in the balun structure, a perfectly matched balun with isolated output ports, as in 
Wilkinson power-dividers, is realised.
Finally, a unique oscillator, which has two outputs that are in anti-phase, is 
developed. This balanced oscillator provides accurate anti-phase signals without 
the need for baluns or external resonators. It is also found that, by terminating one 
o f  the outputs in a reactive load, the total power can be combined in the other 
output. This results in a novel power-com bining oscillator without off-chip power 
combiners. A simple frequency stabilising technique using readily available 
transmission lines is also demonstrated using balanced oscillators.
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Each o f  the novel contributions made is presented in the individual chapters o f  this 
thesis. Due to the diversity o f  the topics, a detailed introduction and respective 
conclusions are included in each chapter. Chapter 2 describes the design and 
performance o f  resistive FET mixers developed in this work. These include single­
ended and single-balanced mixers for direct conversion receivers, a double 
balanced mixer for high level up-converters and a broadband distributed mixer. A 
technique for analysing these multiple device mixers is presented in Chapter 3. A 
simplified analysis for the planar Marchand baluns, leading to the design o f  
perfectly matched impedance transforming baluns, is performed in Chapter 4. The 
analysis, design and performance o f  balanced oscillators at K and Ka band are 
presented in Chapter 5. Tw o extensions o f  these balanced oscillators, namely the 
on-chip power combining and the transmission line stabilisation techniques, are 
investigated in Chapter 6. Finally, Chapter 7 concludes by highlighting the major 
contributions o f  this research and identifying areas for future work.
1.4 Structure of this Thesis
C h a p te r 2
2 Resistive FET Mixers
2.1 Introduction
Mixers are key elements in frequency converters for m icrowave and millimeter- 
wave receivers and transmitters. They have the prime function o f  converting 
signals from one frequency to another where other circuit functions like 
am plification, filtering, detection and transmission can be performed more 
effectively. Mathematically, this frequency translation can be performed by 
simply multiplying the signal at frequency, coRf, by another sinusoid (LO) at 
frequency, coLo •
Cos( CORFt) . Cos( CdLOt) = V2 Cos( OORFt - (tiLOt) +V2 Cos( OJr Ft + COLOt) (2 .1)
This is shown sym bolically in Fig. 2.1. The mixer output consists o f  the sum and 
difference frequencies o f  the input signal and the LO. In the case o f  down- 
conversion, the input is a high frequency (RF) signal and the desired output is the 
lower frequency (IF) signal, | (UrF - culo I • The reverse applies in the case o f  up- 
conversion, where the input is a low frequency (IF) signal and the desired output 
is the higher frequency (RF) signal, | o)if + colo I • In each case, the desired signal 
can be obtained by filtering.
Mixer
Cos(<Urp t) InPu t^ ( ^ ) Qli-t.Pu .^ 1/2 Cos((WRFt-Ci)LOt) + >A Cos(CORFt + COLOt)
LO
Cos(mLot)
Figure 2.1: Frequency translation by multiplication of two sinusoids
7
Practically, (2 .1 ) can represent a circuit equation in which a current w aveform  
i( t )  is generated by a product o f  the signal voltage, VRf(t ) ,  and a conductance, 
g (t):
i( t )  = VRF(t)  . g (t)  (2 .2 )
where, the conductance has a time-varying behaviour which varies at the rate o f  the LO 
frequency. This can be generated by a voltage-controlled conductance which varies 
directly with the LO voltage waveform:
g [v w ( t ) ]  v w ( t)  (2 .3)
Thus, when the LO voltage is applied, a conductance waveform which varies linearly 
with LO voltage is generated. Applying the RF signal to this time-varying conductance 
waveform will generate the desired sum and difference frequencies o f  the LO and RF. In 
general, these frequencies can be generated by any linear voltage- or current-controlled 
circuit element having the transfer function:
g [V ]  = a + b V  where a, b are constants (2 .4 )
Unfortunately, most o f  the com m only em ployed voltage- or current-controlled 
circuit elements are non-linear in nature. These include the junction resistance o f  
Schottky diodes and the transconductance o f  active FETs. Their non-linear 
transfer function can be expressed as a pow er series:
g [V ]  = a + bV  + cV2 + dV3 + .. where a, b, c, d .. are constants (2 .5 )
Consequently, the tim e-varying w aveform  generated by the LO voltage contains 
a large number o f  LO harmonics. Applying the RF voltage to this tim e-varying 
w aveform  w ill result in mixing products between the RF and all harmonics o f  the 
LO. The frequencies o f  these m ixing products have the general form:
Oji = 0)RF±n C0lo n = 0, 1, 2, 3.. (2 .6 )
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Fig. 2.2 shows the spectrum o f  mixing frequencies o f  the form COrf i  ucDlo [2.1]. In 
addition to the desired corf ±  colo signals, a large number o f  frequency components where 
n +1 are also generated. These are referred to as spurious signals or spurious responses.
§io
st
b, o  <ac, ^  Q:
3  3 8IQ
§CNJ
< ^' JS?
f  3  ?+ Ol oO kJ
3
u, o <5 -J
3  3 3
+ ^  'o
3
O
StN-
Figure 2.2: Spectrum of frequencies of the form: (Drf i n  colo [2.1]
In addition, when the RF signal amplitude becomes large, these non-linear elements can 
be a function o f both the LO and RF signal amplitudes. In this case, the time-varying 
waveform will contain harmonics o f  both the LO and RF. Consequently, the mixer output 
spectrum will contain mixing products o f  all harmonics o f  the LO and RF. These 
frequencies can be expressed in the general form:
COnm = i m  (Drf i n  COlo n ~ 0, 1, 2, 3.. (2 .7)
Therefore, a major drawback o f  employing non-linear devices such as diodes and active 
FETs for mixing, is the generation o f  large number o f  spurious mixing products and 
intermodulation. If, instead, a voltage- or current-controlled circuit element whose 
transfer function varies linearly as in (2.4) is employed, a mixer without any spurious 
responses can be realised. A  circuit element that approximates this behaviour does exist: 
It is the channel resistance o f  an FET with zero drain bias. A mixer based on such a 
device is referred as a resistive FET mixer [2.2-2.4].
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Fig. 2.3 shows the equivalent circuit o f  a FET at zero drain bias. Rg is the gate resistance 
and, Rd and Rs are the drain and source ohmic contact resistances. Cgd and Cgs are the 
gate-drain and gate-source capacitances, respectively. The channel conductance, Gd, is a 
function o f  the gate-channel voltage, Vg. Unlike the transconductance in an active FET 
which is strongly non-linear, the channel conductance o f  the resistive FET is only weakly 
non-linear and varies almost linearly over a certain range o f  gate voltage. This is also in 
direct contrast with the Schottky diode, where the junction resistance varies exponentially 
with the applied voltage. Thus, when the LO is applied to the gate, a time-varying 
resistance with very low LO harmonics is generated. This results in a mixer with low 
spurious mixing products. Other advantages o f  this mixer include low DC power 
consumption, and natural separation o f  LO and RF/IF ports. In this work, the resistive 
FET mixer is employed to realised single-ended and single-balanced mixers for direct 
conversion, a high-level double-balanced mixer and a broadband distributed mixer.
Rg c gd Rd
G • YW' AAA— • D
+
Cg =
s
Figure 2.3: Equivalent circuit of a resistive FET
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All the MMICs presented in this work were fabricated by Marconi Caswell Ltd (MCL). 
MCL offers two main GaAs MMIC processes: F20 and H40. The F20 process employs 
0.5 pm gate length MESFETs on a 200pm thick GaAs substrate. The H40 process 
employs 0.25 pm gate length AlGaAs/InGaAs PHEMTs on a 100pm thick GaAs 
substrate. The passive components available in the two processes include silicon nitride 
and polyimide MIM capacitors, spiral inductors, mesa and nichrome resistors, and via 
holes for grounding. The equivalent circuit models for the passive components and the 
non-linear models for the active devices are provided in a Simulateable Microwave 
ARTwork (SMART™ ) library supporting the commercial simulation software, Libra™ 
from HP-EEsof. Based on the available models, the MMICs in this work are designed by 
performing non-linear circuit simulations using the harmonic balance simulator in 
Libra™.
The device models available from the foundry are empirical analytic models developed 
by HP-EEsof. The MESFETs in F20 employs the EEFET3 model while the PHEMTs in 
H40 employs the EEHEMT1 model. Details o f  the equivalent circuits and model 
parameters can be found in the Circuit Element Catalogue from the Libra manuals [2.5]. 
For resistive FET mixer applications, which operate at zero drain bias, these models can 
be simplified to the equivalent circuit in Fig. 2.3 with the respective model parameters 
given in Table 2.1. The variations o f  the Gd with Vgs for the 4x75 MESFET and 2x60 
PHEMT devices are shown in Fig. 2.4.
Table 2.1: Parameter values of the resistive FETs for the simplified model in Fig. 2.3
2.2 Design and Simulations
Cgs ,Cgd R<* Rd Rs
4x75 MESFET 0.10 pF 1.2D 1.0 f t 2.33 a
2x60 PHEMT 0.05 pF 1.8 Q 5.2 ft 2.55 Q.
1 1
X  : biasing points
Figure 2.4: Variation of Gd with Vg, for the 4x75 MESFET and the 2x60 PHEMT
Fig. 2.4 shows that the modelled channel conduction variation is very linear beyond a 
certain gate bias. For both devices, Gd varies from 0 mS at pinch-off to 0.07-0.08 S at 
zero gate bias. This is adequate for the implementation o f  resistive FET mixers, where the 
devices are biased slightly before pinch-off, as shown in Fig. 2.4, to ensure maximum 
conduction variation for best conversion efficiency. In this work, the 4x75 MESFET is 
used for the 2 to 18 GHz distributed mixer, while the 2x60 PHEMT is employed for the 
40GHz and 60GHz resistive mixers.
12
2.3 Single-Ended and Single-Balanced Mixers 
for 60GHz Direct Conversion Receivers
Direct conversion receivers downcovert the RF signal directly to baseband. This receiver 
architecture eliminates the IF circuitry, including IF filters and amplifiers, and image 
reject filters. This results in reduced design complexity and minimal hardware. Thus, they 
are very attractive for small size terminals, especially suited for mobile communications
[2.6]. However, these receivers suffer from small instantaneous dynamic range due to 
undesired baseband intermodulation products. Sub-harmonically pumped diode mixers 
have been proposed to reduce baseband intermodulation in mobile communication direct 
conversion receivers [2.7]. These mixers require filter diplexers for combining the sub­
harmonic LO and RF into a common node o f  an anti-parallel diode pair. Operating in the 
X  to S band, these diplexers employ lumped element filter structures. Applying this 
approach for millimeter wave direct conversion receivers will require distributed filter 
elements, resulting in large circuit areas, which are undesirable for monolithic circuits. In 
this section, resistive PHEMT mixers, in which the LO and RF are applied respectively to 
the gate and drain, are employed for the development o f  direct conversion receivers at V- 
band [2.8].
Another advantage o f  using a resistive FET mixer for direct conversion is that it exhibits 
low 1/f noise. This is because minimal current passes through the device when it is 
pumped by the LO voltage at the gate to generate the time-varying channel conductance 
for frequency conversion. This is unlike the diode mixer, where the small-signal junction 
conductance is proportional to the diode current. Therefore, to generate a time-varying 
conductance for efficient frequency conversion, currents o f  several milli-amperes have to 
pass through the diode during each LO pump cycle, leading to high 1/f noise.
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2.3.1 Circuit Structures
2.3.1.1 Single-Ended Mixer
Fig. 2.5 shows the block diagram o f  the hybrid resistive FET mixer described by Maas
[2.2]. The channel resistance o f  the FET is modulated by the LO at the gate while the RF 
is applied to the drain. The IF generated is extracted from the drain through a low pass 
filter. A  biasing voltage is also applied to the gate to achieve the optimum performance. A  
major design consideration is the coupling between the LO and RF through Cgd, which is 
relatively high at low drain bias voltages. Therefore, bandpass filters were used for the RF 
and LO ports for isolation.
IF
Figure 2.5: Block diagram of the resistive FET mixer described by Maas [2.2]
The circuit in Fig. 2.5 is not suitable for monolithic direct conversion mixers. The use o f  
RF and LO filters are too large for MMIC implementation. Moreover, as the RF and LO 
frequencies for direct conversion are close together, it is not feasible to separate them 
through filtering. In the MMIC mixers presented in this section, an alternate circuit 
structure shown in Fig. 2.6 is employed.
V g  L f
Figure 2.6: Block diagram of the resistive FET mixer for direct conversion
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In this mixer circuit, the three different terminals o f  the PHEMT are used for the RF, LO 
and IF signals to achieve port isolations. Inductive feedback is applied between the gate 
and drain to form a resonance with the gate drain capacitance, minimising any coupling 
between the LO and RF. The IF generated in the channel resistance is extracted through a 
low pass filter from the source, instead o f  the drain. A  DC ground is included at the drain 
to ensure zero drain bias and to present a short-cir cuit for the IF. The IF filter is designed 
to present a virtual ground to both LO and RF. Simple matching networks are included 
for the LO and RF ports. This results in a compact monolithic design with good isolations 
between the three mixer ports.
2.3.1.2 Single-Balanced M ixer
A limitation o f  applying the resonance technique in a single ended mixer is that high port 
isolations are only achieved over a narrow bandwidth. An alternative to achieving 
inherent LO and RF isolation without filters is to employ a single-balanced mixer. It 
consists o f  two single ended mixers combined in tandem using coupler or balun 
structures. Isolation between the LO and RF is achieved by the relative LO and RF phase 
relations in the two mixing devices. The required phase relationships are obtained by the 
hybrid or balun structures, which generally exhibit broadband performance. The 
disadvantages o f  single-balanced mixers are the increase in LO power ( to drive the two 
devices and to overcome losses in the hybrids ) and the increase in circuit area.
Fig. 2.6 shows the block diagram o f  the hybrid single-balanced resistive mixer described 
by Maas [2.9]. The LO is applied in anti-phase to the two resistive FETs through a balun 
while the RF is applied in phase. Therefore, the RF port presents a virtual ground to any 
LO leakage, which will be in anti-phase. This provides the required LO and RF isolation. 
The out-of-phase IF generated in the drains o f  the two FETs are combined using an 
external 180° hybrid.
15
0° IF
Figure 2.7: Block diagram of the single-balanced mixer described by Maas [2.9]
For direct conversion mixers, the IF needs to go down to DC. However, there are no 
practical 180° hybrid structures that can operate down to DC. Therefore, an alternative 
configuration that provides inherent LO to RF isolation without the need for IF hybrids 
has to be employed.
Fig. 2.8 shows a balanced mixer structure, first described by Kruger [2.10], using two 
quadrature hybrids to achieve inherent LO to RF isolation. There are two signal paths 
between the LO and RF ports, one though the coupled ports and the other through the 
direct ports o f  the two 90° hybrids. Therefore, these signal paths have a phase difference 
o f 180°, resulting in signal cancellation at the LO and RF ports. As the reflected LO and 
RF signals are terminated in the 5 0 0  loads, the LO and RF port VSWR also improves. In 
this work, the use o f  dual quadrature hybrids is employed in conjunction with the resistive 
mixer with reactive feedback, described in the previous section, to implement a single­
balanced mixer for V-band direct conversion receivers.
IF
Figure 2.8: Block diagram of the single-balanced mixer described by Kruger [2.10]
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2.3.2 60GHz MMIC Realisations
2.3.2.1 Single-Ended Mixer
The MMICs are fabricated using the M CL H40 foundry process, which employs 0.25-jim 
gate length AlGaAs/InGaAs PHEMT. Fig. 2.9 shows the schematic diagram o f  the single­
ended mixer together with the component values. The mixer is designed around a 2 x 60 
Jim PHEMT device. The LO and RF are applied to the gate and drain through simple 
matching networks, which consist o f  open-circuit and short-circuit stubs. The IF is 
extracted from the source through a high impedance line. As the RF and LO frequencies 
are close together, a simple quarter wavelength open circuit stub is placed at the source to 
present a virtual ground to the LO and RF signals. Coupling between the LO and RF 
through the gate-to-drain capacitance is minimised by forming a parallel resonance with 
an inductive loop. A  series blocking capacitor in the loop prevents DC shorting between 
the gate and drain. Reverse bias is applied to the gate through a mesa resistor. Fig. 2.10 
shows the photograph o f  the fabricated MMIC, measuring I x 1 mm2.
L3 C1 L3
Component Value
T l 2 x 60 PHEMT
R l 700 0
Cl 2.5 pF
Component Width /  Length
LI 60 Jim /  200 |Ltm
L2 12 Jim /  240 Jim
L3 12 Jim /  120 Jim
L4 12 Jim /  600 Jim
L5 55 J im /440 Jim
L6 30 Jim /  60 Jim
L7 60 pm /  370 Jim
L8 60 Jim /  90 Jim
Figure 2.9: Schematic diagram and component values of the single-ended mixer
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R F
Figure 2.10: Photograph of single-ended resistive mixer chip (1 x 1mm2)
2.3.2.2 Single-Balanced Mixer
Based on the single-ended mixer, a single-balanced mixer is realised by combining two o f  
the single-ended mixers with dual quadrature couplers as shown in Fig. 2.11. The LO and 
RF are applied to the two devices in quadrature using Lange couplers. The IF signals 
generated by the two devices, which are in phase, are combined directly using high 
impedance transmission lines. A photograph o f  the single-balanced mixer, measuring 
1.3x1.6mm2, is shown in Fig. 2.12.
IF
Figure 2.11: Schematic diagram of single-balanced resistive mixer
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IF
RF LO
Vb
Figure 2.12: Photograph of single-balanced resistive mixer chip (1.3 x 1.6mm2) 
2.3.3 Results and Discussion
The mixers were measured on-wafer using V-band coplanar probes. Fig. 2.13 shows the 
conversion loss variation o f  the two mixers as the RF is swept above and below the Fixed 
LO frequency o f  60GHz. The single-ended mixer exhibits a conversion loss o f  9 ±  0.5dB 
for DC to 0.3GHz IF and 10 ±  ldB for higher IF up to 1GHz. The single-balanced mixer 
achieves a conversion loss o f  8.5 ±  0.5dB for DC to 1GHz IF. These measurements were 
performed at a gate bias o f  -0 .6V . The better conversion loss obtained for the single­
balanced mixer can be attributed to the higher LO power that was available for the 
measurement. This is because the LO was obtained from a Gunn diode oscillator which 
has limited output power control.
-1  -0 .8  -0 .6  -0 .4  -0 .2  0  0 .2  0 .4  0 .6  0 .8  1
RF Frequency - LO Frequency (GHz)
Figure 2.13: Conversion loss variation with RF frequency at a fixed LO of 60GHz
19
Fig. 2.14 shows the conversion loss characteristics o f  the single-ended mixer when the 
gate bias and LO power are varied. The LO and IF frequencies are 60GHz and 1GHz 
respectively. Minimum conversion loss with low sensitivity to gate bias is obtained at LO 
power levels above 12 dBm. The rate o f  conversion loss degradation with decreasing LO 
power level is highly sensitive to the gate bias applied. At the optimum gate bias o f  -  
0.6V, the conversion loss increases gradually with decreasing LO power, with minimum 
conversion loss still obtained at 10 dBm LO power. At other non-optimal gate bias 
voltages, the conversion loss increases more rapidly and minimum conversion loss can 
only be obtained at LO power level above 12 dBm. Similar characteristics are also 
obtained for the single-balanced resistive mixer.
LO Power (dBm)
Figure 2.14: Conversion loss variation with LO power for various values of Vg 
for the single-ended resistive mixer
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The LO to RF and LO to IF isolations for the two mixers were measured over the 60 ± 
0.5GHz band. Fig 2.15 shows the results obtained for the single-ended mixer. Both LO to 
RF and LO to IF isolation characteristics exhibits a minimum near the centre frequency. 
Over 30 dB o f  isolation is achieved for both cases. Thus, demonstrating the effectiveness 
o f  the resonance technique to achieve port isolations. Fig. 2.16 shows the port isolations 
for the single-balanced mixer. Compared to the single-ended mixer, over 30dB o f  port 
isolations were achieved over a broader bandwidth. Therefore, near the centre frequency, 
the single-end mixer based on the resonance technique, has achieved similar levels o f  
isolation as that o f  the single-balanced mixer.
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Figure 2.15: LO to RF and LO to IF isolation for the single-ended resistive mixer
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Figure 2.16: LO to RF and LO to IF isolation for the single-balanced resistive mixer
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The performance o f  the two mixers is summarised in Table 2.2. Besides achieving 
broadband port isolations, the balanced mixer also has better LO and RF return loss, 
which are -lOdB and -15dB, respectively. To investigate the intermodulation properties 
o f  the mixers, two-tone intermodulation measurements were performed. As given in 
Table 2.2, the second and third order input intercept points for the single-ended mixer are 
25dBm and 28dBm, respectively. The corresponding values for the balanced mixer are 
28dBm and 30dBm, demonstrating its higher power handling capabilities. The LO power 
for this measurement were set at 12dBm.
Table 2.2: Measured 60 GHz performance of the single-ended and balanced-mixers
Single-Ended Mixer Single-balanced Mixer
Conversion Loss 1 0 ± ld B 8.5 ±  0.5dB
LO to RF Isolation 30dB 32dB
LO to IF Isolation 30dB 33dB
LO Return Loss -6dB -lOdB
RF Return Loss -5dB -15dB
Input IP2 25dBm 28dBm
Input IP3 2 8 dBm 30dBm
As a demonstration o f  direct down conversion at V-band, the RF signal was directly 
modulated with a IMbit/s BPSK pseudorandom sequence [2.11]. Both the RF and LO 
were obtained from a common 60GHz Gunn oscillator. Fig. 2.17 shows a typical eye- 
diagram o f  the baseband signal obtained at the mixer IF output. The clear eye openings 
show satisfactory recovery o f  the baseband signal, illustrating its application in 
millimeter-wave direct conversion receivers.
1 3 5 . 0 0 ?  <—O .O O s  zoops   f E  BftJ
Figure 2.17: Eye-diagram of the demodulated IMbit/s pseudorandom BPSK 60GHz signal
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2.4 Double-Balanced Mixer for High Power Upconverters
Double-balanced mixers provide inherent port isolations without filters, LO AM  noise 
rejection, even-order mixing product suppression and high dynamic range. These 
desirable mixer properties are often exploited to realise high performance receivers with 
low intermodulation distortion [2.12-2.21]. These properties, however, are equally 
desirable in transmitter applications for upconverting signals with low spurious response. 
The high input power capability o f  the double-balanced mixers can reduce the gain 
requirements o f  the output amplifiers in upconverters. This is especially valuable in 
millimeter-wave upconverters, where millimeter-wave power amplification is expensive. 
In this work, the double-balanced mixer is employed to develop a high output power 
mixer for millimeter-wave upconverters [22]. Applications for the millimeter-wave mixer 
include Local Multi-Point Distributed Systems (LMDS), microwave point to point radios, 
and SATCOM systems.
2.4.1 Circuit Structures
Fig. 2.18 shows the building blocks o f  a double-balanced mixer. It consists o f  an 
arrangement o f  four mixing elements with LO, RF and IF baluns. This topology is widely 
used in hybrid mixers, where the mixing elements consist o f  a diode ring and the baluns 
are implemented using broadside-coupled lines on a suspended substrate. The use o f  
diodes and non-planar baluns, however, are not readily applicable to monolithic circuits 
and alternative mixing elements and balun structures have to be employed.
RF
Figure 2.18: Block diagram of a double-balanced mixer
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2.4.1.1 Monolithic Mixing Elements
Schottky diodes, in the form o f  a diode ring, have been the primary devices employed for 
the mixing elements. In the monolithic realm, diodes are usually implemented using some 
derivatives o f  the MESFET structure [2.12-2.15]. This often results in sub-optimum 
diodes with inferior mixer performance in comparison to mixers using discrete diodes. 
Dual-gate FETs, which provide separate gates for the LO and RF have also been used to 
realise monolithic double-balanced mixers [2.23]. However, dual-gate FET mixer designs 
usually require accurate non-linear models, which are often highly complex and not 
readily available. Dual-gate FETs are also subject to instability problems. Resistive FET 
mixers, which exhibit inherently low intermodulation properties have recently been 
employed in double-balanced mixers [2.17-2.21]. Other advantages o f  the resistive FET 
mixer include low DC power consumption and guaranteed stability. Monolithic resistive 
double-balanced mixers operating up to Ku-band have been reported [2.18, 2.20]. In this 
work, 0.25 pm AlGaAs/InGaAs PHEMTs are employed to develop a millimeter-wave 
resistive double-balanced mixer.
2.4.1.2 Planar Marchand Baiuns
Besides the mixing elements, the other aspect o f  the double-balanced mixer design is the 
LO, RF and IF baluns. Several planar balun structures for balanced mixer applications 
have been reported as alternatives to conventional non-planar baluns [2.11 - 2.12]. Many 
monolithic designs employed active baluns for the high frequency LO/RF and lumped 
element baluns for the low frequency IF [2.12, 2.18, 2.20].
Although active baluns reduce the LO power requirements by offering gain, they are 
often sensitive to the operating conditions, require several DC bias connections and have 
poor noise and linearity performance. The use o f  lumped elements for low frequency 
baluns has the disadvantage o f  requiring large number o f large components. To maintain 
high yield in the monolithic process, it is desirable to maintain a low component count. 
For the double-balanced mixer presented in this work, the planar form o f  the Marchand 
balun [2.24] is employed for both the LO/RF and IF baluns. This results in a more robust 
and compact design with low component count.
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The operation o f the Marchand balun is illustrated by Fig. 2.19. The schematic diagram, 
shown in Fig. 2.19a, consists o f  an open-circuit transmission line and two short-circuit 
transmission lines. The voltage and current waveforms on the open-circuit transmission 
line are shown in Fig. 2.19b. If the open-circuit impedance section, Z l,  is a half 
wavelength long, the standing wave will form a short circuit node at the centre o f the 
section. At this centre portion o f  the opened transmission line, the currents will be at a 
maximum and the voltage at d l  and d2 will be equal and out-of-phase. Two short circuit 
impedance sections, Z2 and Z3 are coupled to the open-circuit transmission line at the 
first and second half, respectively. Signals appearing at port 1 will be induced at the 
output port 2 and 3, with equal and opposite phases. This provides a qualitative 
description o f the balun operation. A more rigorous treatment o f  the Marchand balun 
operation will be presented in Chapter 4, where the balun is analysed as a combination o f  
two coupling structures.
Z l o /cPort 1 —
Port 2 Port 3
(a) Schematic diagram of Marchand balun
I
A
v
A
(b) Voltage and current waveforms of the open-circuit transmission line
Figure 2.19: The planar Marchand balun [2.23]
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The double-balanced mixer is realised using the H40 foundry process. In addition to the 
double-balanced mixer, the individual LO/RF and IF baluns are also fabricated as 
separate chips for performance verification measurements.
2.4.2.1 LO / RF Baiun
The two coupling structures o f  the LO /R F Marchand baluns, are realised by 
com bining two interdigital 3dB Lange couplers, as shown in Fig. 2.20 [2 .25]. To 
realise the tight coupling for broadband operation and matched odd- and even­
mode phase velocities, narrow line widths and gaps are required. However, 
com prom ises have to be made to stay within the foundry process limitations for 
reasonable yield. The widths and gaps o f  the interdigital fingers are designed to 
be 9 pm  and 6 pm, respectively. The lengths o f  the couplers are 700 pm  for 
operation centered at 40 GHz. Fig. 2.21 shows a photograph o f  the fabricated 
chip, measuring 0.8 x 1.4 mm2.
2.4.2 MMIC Realisations
Figure 2.20: Schematic diagram of the quadrature coupler LO/RF balun
Port 2
Port 1
Port 3
Figure 2.21: Photograph of the LO/RF balun chip (0.8 x 1.4 mm2)
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For the low  frequency IF balun, a pair o f  spiral transformers is used in place o f  
interdigital couplers [2 .26]. Fig. 2.22 shows a sim plified circuit diagram o f  the 
spiral transformer balun. It consists o f  two oppositely wound tw in-coil 
transformers connected in series. The input coil is terminated with an open 
circuit while the output coils are terminated in a short circuit.
Each tw in-coil transformer operates as a quadrature coupler with a centre 
frequency roughly corresponding to an unwound length o f  a quarter wavelength. 
The resonant frequency o f  the spiral co il divides the operating frequency o f  the 
transformer balun into two regions: the magnetic coupling region ( frequencies 
below  the resonant frequency ) and m agnetic/electric coupling region ( 
frequencies above the resonant frequency ) [2.27]. The former region is usually 
more useful because o f  its wider relative bandwidth. In this region, the 
inductance and the resonant frequency o f  the spiral co il  are the two bandwidth- 
limiting factors. The co il inductance sets the lower limit o f  the frequency band 
while the resonant frequency sets the upper limit. In the present design, the 
operating bandwidth is designed to be between 3 to 5 GHz. The spiral 
transformers have 4.5 turns with track width and gap o f  12 \ im  and 8 pm, 
respectively. These dimensions are well within the fabrication limits o f  the 
foundry. The fabricated chip is shown in Fig. 2.23, which measures 0.7 x 1.5 
mm2.
2.4.2.2 IF Balun
Port 2 • Port 3
Figure 2.22: Schematic diagram of the spiral transformer IF balun
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Port 1
Figure 2.23: Photograph of the IF balun chip (0.7 x 1.5 mm2)
2.4.2.3 Double-Balanced Mixer
Fig. 2.24 shows the photograph o f  the com plete double-balanced mixer, 
consisting o f  the four 2 x 60|im PHEMTS, LO /RF baluns and the IF balun. The
chip dimensions are 1.6 x 1.7 mm2. Reverse gate bias for the PHEMTs are
applied to the LO balun through a mesa resistor. Particular attention was devoted 
to the layout o f  the circuit in order to maintain symmetry and to minimise 
transmission-line crossings in the circuit; these introduce parasitics and may 
degrade the performance o f  the mixer. Most o f  the cross-overs and
discontinuities were placed in the IF path as the IF was low enough that these
were acceptable.
LO
IF
Figure 2.24: Photograph of the double-balanced mixer chip (1.6 x 1.7 mm2)
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2.4.3 Results and Discussion
2.4.3.1 LO/ RF Balun
Fig. 2.25 shows the measured S21 and S31 o f  the LO/RF balun, both exhibit an 
average value 4.5dB with a ripple o f  ±  1.5dB. The ripple can be attributed to the 
poor balun output losses in the 50 £2 measurement system, which are about 5dB. 
Despite the ripples in the perform ance, the balance between the output ports is 
excellent, as shown in Fig. 2.26. The amplitude and phase imbalances between 
the two output ports are less than 0.5 dB and 10° over the 20 to 40 GHz 
frequency band.
Figure 2.25: Insertion loss of the LO/RF balun
Figure 2.26: Amplitude and phase balance of the LO/RF balun
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Fig. 2.27 shows measured S21 and S31 o f  the IF balun, which tracks each other closely up 
to 6GHz.The insertion loss at the centre frequency is less than 0.5 dB at mid band. The 
amplitude and phase balance are shown in Fig. 2.28, which are respectively within 0.2 dB 
and 10° from 2 to 6 GHz.
The lower and upper limits o f  the balun operating bandwidth are determined, 
respectively, by the inductance and the resonant frequency o f  the transformers. 
Thus, the operating bandwidth can be increased by using thinner tracks and a 
smaller number o f  turns for the spiral transformers, while maintaining the same 
electrical length. However, this will be accom panied by higher insertion loss and 
larger chip areas. Therefore, com prom ises need to be made to achieve the 
optimum balun performance.
2.4.3.2 IF Balun
CQ
Figure 2.27: Insertion loss o f  the IF balun
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Figure 2.28: Amplitude and phase balance of the IF balun
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Having verified the operating frequency ranges and perform ances o f  the LO /R F 
and IF baluns, the upconverter perform ance o f  the double-balanced mixer was 
measured. A  fixed IF o f  4 GHz at OdBm was applied to the mixer, while the LO 
was swept from  26 to 40 GHz. Across this frequency band, a conversion loss o f  
16 ±  1 dB was obtained with over 25 dB o f  LO-RF isolation, as shown in Fig. 
2.29. The high conversion loss was due to the insufficient LO pow er level 
applied, which was 10 dBm. Unfortunately, this was the maximum LO power 
available for the measurement.
2.4.3.3 Double-Balanced Mixer
LO Frequency (GHz) 
Figure 2.29: Conversion loss and LO-RF isolation of the double-balanced mixer
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This limitation o f  insufficient LO pow er is also illustrated in the Fig. 2.30, which 
shows the mixer input and output power characteristics for various LO pow er 
levels. As the LO pow er was increased from  8 to 10 dBm, progressive 
improvements in conversion loss and output com pression were obtained. 
Therefore, better mixer perform ance, in terms o f  conversion loss, input P ldB  and 
IP3 can be expected if higher LO pow er was available. Nevertheless, Table 2.3 
summarises the mixer perform ance for a LO power o f  lOdBm. The LO /R F and IF 
frequency ranges are determined by the operating ranges o f  the respective balun 
structures. The input IP3 o f  18 dBm was obtained from  two-tone intermodulation 
measurements with 0 dBm IF power.
IF Power (dBm)
Figure 2.30: Input and output power characteristics of the double-balanced mixer
Table 2.3: Measured performance of the double-balanced mixer with LO = 10 dBm
IF Frequency 3 - 5  GHz
LO /  RF-Frequency 26 - 40 GHz
Conversion Loss 16+  1 dB
LO -  RF Isolation 25 dB
Input PldB 10 dBm
Input IP3 18 dBm
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2.5 Distributed Resistive Mixers for Wideband Receivers
The resistive FET mixer has been shown to possess desirable mixer properties like low 
intermodulation, low DC power consumption and natural separation o f  LO and RF/IF 
ports. Wideband resistive mixers have also been reported [2.17, 2.18]. Wideband 
performance o f  these circuits is achieved through the use o f  passive baluns, which are non- 
planar [2.17] or active baluns and couplers which occupy large circuit areas [2.18]. In this 
section, an alternative approach using distributed mixing [2.28] is proposed to achieve 
wideband performance while maintaining the attractive properties o f  the resistive mixer.
Implementing the distributed mixer as a resistive mixer offers several desirable features. In 
the original distributed mixer proposed by Tang and Aitchison [2.29], the FETs were 
operated in gate mixer mode, where the LO and RF are both applied to the gates o f  the 
FETs. This was done through the use o f  an external coupler to combine the LO and RF at 
the input o f the gate line. The use o f  a wideband coupler requires large circuit area and is 
undesirable in monolithic circuits. One alternative is to use dual-gate FETs [2.30] to 
provide separate gate lines for the LO and RF. Operating as a resistive mixer, the 
distributed mixer can be implemented without the use o f couplers or dual-gate FETs. This 
results in a compact design with minimum biasing requirements and guaranteed 
unconditional stability.
2.5.1 Circuit Structure
The operating principle o f  the distributed mixer is similar to the distributed amplifier. It 
incorporates the input and output capacitances (Cgs and Cds) o f  the FET with series 
inductances to form artificial transmission lines, thus offering wideband performance. As 
the output capacitances are generally lower than the input, the phase shifts between the 
gate and drain lines can be equalised by adding additional capacitances at the FET 
outputs. This ensures that the gain contribution o f  each FET is summed in phase along the 
output line.
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The schematic diagram o f  the distributed resistive mixer is shown in F ig.2.31. 
Operating as a resistive mixer, the channel resistance o f  the FETs is modulated by 
the LO signal along the gate line while the RF signal is applied along the drain 
line. The low frequency IF generated is extracted at the terminated end o f  the 
drain line through a simple low  pass filter.
Figure 2.31: Schematic diagram of a three section distributed resistive mixer
Undesired coupling between the LO and RF ports is caused by the gate to drain 
capacitance (Cgd) and the reverse propagating waves in the gate and drain lines. However, 
these waves interfere destructively and largely cancel out except at very low frequencies. 
Thus, there is inherent isolation between the LO and RF ports.
2.5.2 MMIC Realisation
A  three-section prototype was designed to investigate the new topology experimentally. 
Fig. 2.32 shows the mixer schematic diagram and Fig. 2.33 shows a photograph o f  the 
fabricated chip measuring 1.1 x 2.1mm2. The chip was fabricated using M CL’ s F20 
process. Low impedance open circuit stubs were added at the drains o f  the FETs to 
equalise the phase shifts between the gate and drain lines. The IF filter is implemented 
using a 5 pF MIM capacitor and a 2nH spiral inductor. The reverse gate voltage is applied 
through the terminating resistor o f  the gate line.
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Component Value
T1,T2,T3 4 x 75 MESFET
R l 50 Q
C l 5 pF
L3 2nH
Component Width / Length
LI 12 pm /  260 pm
L2 60 pm /  200 pm
Figure 2.32: Schematic diagram and component values of the distributed resistive mixer
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2.33: Photograph of the distributed resistive mixer chip (1.1 x 2.1 mm2)
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The mixer chip was measured as a downconverter with 10 dBm LO power. The variation 
o f conversion loss variation with RF frequency for a fixed IF frequency o f  100 MHz is 
shown in Fig. 2.34. It demonstrates a conversion loss o f 9.5 to 11 dB across the 2-18 GHz 
band. Fig. 2.35 shows the IF passband for a fixed LO frequency o f  10 GHz. The 3 dB IF 
bandwidth is from DC to 700 MHz. The roll-off at the higher frequencies is determined 
primarily by the IF low pass filter.
2.5.3 Results and Discussion
RF Frequency (GHz)
Figure 2.34: Conversion loss variation with RF at a fixed IF of 100MHz
RF Frequency - LO Frequency (GHz)
Figure 2.35: Conversion loss variation with IF at a fixed LO of 10GHz
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The mixer RF input is weli matched to 50D as shown in Fig. 2.36. The LO to RF isolation 
is shown in Fig. 2.37. Over 25 dB o f  isolation is achieved at the lower frequency end o f  the 
operating range while 20 dB is achieved at the higher frequencies.
RF Frequency / GHz
Figure 2.36: RF input return loss variation with RF frequency
LO Frequency (GHz)
Figure 2.37: LO to RF isolation variation with LO frequency
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To study the intermodulation properties o f  the mixer, two-tone intermodulation 
measurements were performed. The variation o f  these IM power levels with RF power is 
shown in Fig. 2.38, from which the second and third order intercept points determined to 
be 25dBm and 28dBm, respectively.
RF Power (dBm)
Figure 2.38: Intermodulation power level variation with RF power
These measurements were performed at a gate bias o f  -1 .2V , with 10 dBm LO power. At 
higher LO pow er levels, the second and third order IM  are further reduced, as 
shown in Figs. 2.39 and 2.40, respectively. The intermodulation pow er levels 
generally decreases with increasing LO pow er level. H ow ever, even at relatively 
low  LO power levels, low levels o f  intermodulation can also be achieved by 
judiciously  adjusting the gate bias, as shown in Figs. 2.39 and 2.40. The RF power 
level was fixed at 0 dBm. A  summary o f  all the measured performance o f  the mixer as a 
downconverter is listed in Table 2.4.
LO Power (dBm)
Figure 2.39: Second order intermodulation power level variation with LO power
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LO Power (dBm)
Figure 2.40: Third order intermodulation power level variation with LO power
Table 2.4: Measured performance of distributed resistive mixer with LO = 10 dBm
LO /  RF Frequency 2 -1 8  GHz
IF Frequency DC -  700 MHz
Conversion Loss 9 .5 -1 1  dB
RF Return Loss > lOdB
LO-RF Isolation > 2 0  dB
Input IP2 25dBm
Input IP3 28dBm
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Through simple mathematical expressions for frequency mixing, the low 
intermodulation property o f  the resistive FET is highlighted. This mixing element 
is em ployed in various configurations to achieve mixer performance enhancements 
targeted at specific applications.
Single-ended and single-balanced resistive mixers, utilising a resonance technique 
to achieve port isolations, are developed for direct conversion receivers. 
Successful direct demodulation o f  a BPSK signal at 60 GHz was achieved. Thus, 
these mixers have significant applications in the development o f  millimeter wave 
direct conversion receivers.
A double-balanced resistive mixer, utilising planar Marchand baluns, is developed 
for high-level upconverters. The perform ance o f  the mixer is largely dependent on 
the baluns, which was also fabricated and measured. G ood  amplitude and phase 
balance o f  the baluns results in high port isolations and low intermodutions o f  the 
mixer. A relatively high LO power is required, however, to drive the four mixing 
devices and overcom e the balun losses. W ith the available LO power o f  10 dBm, a 
conversion loss o f -1 6  dB is obtained across the balun operation frequency band.
It has also been demonstrated that the resistive FET mixer can be implemented in 
the distributed form  to realise wideband, com pact mixers with low 
intermodulation. This first m onolithic prototype has achieved a conversion loss o f
9.5 -  11 dB over 2 to 18 GHz, with low  intermodulation distortion. As a result, the 
mixer is expected to find applications in EW  and measurement systems.
2.6 Conclusions
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C h a p te r  3
3 Multiple FET Mixer Analysis
3.1 Introduction
The use o f  multiple FET mixers, like the balanced and distributed mixers in Chapter 2, is 
particularly suited for monolithic implementation, as several devices can be readily 
fabricated on a single chip with high uniformity and no additional cost. The analysis o f 
these circuits using general harmonic balance simulators, however, often results in long 
simulation times and convergence failures due to the large number o f  non-linear elements 
involved. In these cases, applying a more application specific analysis technique, which 
takes advantage o f  the known circuit symmetries to reduce the computational 
requirements, is a more efficient approach.
Over the years, various techniques have been developed specifically for the analysis o f FET 
mixers [3.1-3.6]. Most o f these techniques, however, only consider the case o f  a single 
FET mixer with the LO applied to the gate. Since the FET is a three-terminal device, 
various other topologies can be encountered. These include “ drain injection” [3.7] and 
“source injection” [3.8] mixers where the LO is applied to the drain and source 
respectively. In addition, multiple FETs can be employed to improve mixer performance. 
These include balanced mixers, which enhance spurious rejection, and distributed mixers 
with broadband performance. For accurate analysis o f  these mixers, these analysis 
techniques need to be extended. In this chapter, the large-signal /  small-signal analysis 
technique [3.9] for single device mixers is extended to the multiple-FET case where the 
three terminal FETs are interconnected by several linear networks [3.10]. A four-section 
distributed active mixer using cascode FETs is analysed to demonstrate the technique.
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Distributed mixers are usually realised using dual-gate FETs [3.11]. However, the large- 
signal models o f  dual-gate mixers are often highly complex and not readily available. A 
cascode o f two single-gate FETs, whose device models are widely available, can be used 
to mimic the dual-gate FET. Fig. 3.1 shows the schematic diagram o f the cascode 
distributed mixer using four sections. It consists o f  two tiers o f FETs in cascode with 
separate artificial transmission lines for RF, LO and IF. The RF and LO are applied to the 
lower and upper gate lines respectively while the IF is extracted from the drain line.
3.2 Cascode Distributed Mixer
Vdd
ma. jm nm nm JYYV
nm r rmJ f1 on I / nml /  rrn
N  d  ri 1
rf a  ma. JYYV JYYV JY YV JYYV
-• IF
Vg2
Vgl
Figure 3.1: Schematic diagram o f cascode d is tributed m ixer
3.3 Non-Linear FET Model
The Curtice Cubic model [3.12], as shown in Fig. 3.2, is used for the large-signal analysis.
intrinsic model
Figure 3.2: Large-signal FET equivalent circuit
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The non-linear elements, Cgs, Cgd and Ids , in the intrinsic model are controlled by the 
voltages, Vg and Vd. The drain-source current is defined by the following equation:
Ids =  (A0 +  A, V, +  A2 Vj2 + A3V,3) tanh (yVds)
where V, =  Vgs(l +  p  (Vdso -  Vds) ) (3.1)
The non-linear capacitances, Cgd and Cgs, are modeled through the classical relations 
[3.12]:
Cgs =
Cgso
Vgs_
Vbi
for Vgs < FcVbi (3.2)
Cgs =
Cgso
f  x Vgs A 
Vbi
1 3 - F c  ^ Vgs
2 ZVbi
for Vgs > FcVbi (3.3)
c gd = - f M L =
Vgd1 -
Vbi
for Vgs < FcVbi (3.4)
Cgd =
Cgdo
\ _ v g d A  
Vbi
, 3 - F c  Vgd
1--------------+  - *
2 IV b i
for Vgd > FcVbi (3.5)
The parameter values for the Curtice Cubic model and the linear element par ameters are 
given in Table 3.1:
Table 3.1: FET model parameter values
Curtice Cubic Model Parameters
A0 = 0.05484 A Vdso = 5 V
A i = 0.049 A/V Cgso =0.372 pF
A 2 = 0.00865 A /V 2 Cgdo ~ 0.0296 pF
As = -0.00124 A /V 3 Fc = 0.296
P =0.0331 1/V Vbi = 0.776 V
r =  2.314 V
Linear Moc el Pai'ameters
R i -  3.91 a Cds = 0.064 pF
R g =  1.2 Q Lg  = 0.02nH
Rd = 3 2 5 Q Ld  = 0.015nH
Rs = 2.4 Q. Ls = 0.007nH
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The reflection algorithm [3.13] is used for the large-signal harmonic balance analysis to 
obtain the LO pumping waveforms across the intrinsic capacitors. It is based on the use o f 
fictitious transmission lines to separate the linear and non-linear networks, which can be 
solved in the frequency-domain and time-domain, respectively. Fig. 3.3 shows the 
implementation o f the algorithm at one o f  the FET terminals. Ideal transmission lines, 
which are an integral number o f half-wavelengths, PX, long and have characteristic 
impedance, Zo, are inserted between the ports o f the FETs and the corresponding ports o f  
the lineai- networks. This is equivalent to separating the circuit into the linear and nonlinear 
subnetworks as shown in Fig. 3.4. Each subnetwork is terminated by a voltage-controlled 
voltage source and a current-controlled voltage source which are controlled by the 
terminal voltages and currents o f  the other subnetwork. Thus, these networks can be 
solved iteratively to arrive at the steady-state solution. ,
3.4 Large -  Signal Analysis
Figure 3.3: Introduction of fictitious transmission lines for the reflection algorithm
Figure 3.4: Equivalent circuits of the linear and non-linear networks at the interface
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The usual method o f  starting the iterative process is to use the initial solution o f the linear 
networks, which are terminated with Zo and with the LO and biasing voltages applied. 
This presents difficulties in the case o f  a cascoded FETs due to the floaling potential at the 
connection point o f the cascode FETs. Thus, the initial terminal voltages o f  the linear 
network interconnecting the two FET tiers are unknown a p r io r i. Therefore, an alternative 
method o f starting the iterative process is required.
In the present approach, a DC analysis is first performed based on the IV characteristics o f 
the devices. With the biasing voltages applied, all the initial voltages and currents in the 
circuit are determined. These are used as initial values for the voltage sources in both the 
linear and non-linear subcircuits. With all the voltage sources set, the iterative process can 
then begin with the determination o f  the terminal voltages and currents o f  the LO gate 
network when the LO voltage is applied, as shown in Fig. 3.5. This approach also ensures 
that the DC components o f  the terminal voltages and currents are set to the correct values 
on the outset, which enhances the convergence rate o f  the iterative process.
Figure 3.5: Equivalent circuit of the linear network used in the reflection algorithm
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Figure 3.6: Equivalent circuit of the FET used in the reflection algorithm
Another feature o f  the reflection algorithm presented here is that the FETs are treated as 
three terminal devices, as shown in Fig. 3.6. This allows all the terminal parasitics, which 
are considered linear, to be absorbed into the linear networks. This reduces the 
computational requirements o f  the time-domain analysis as well as enhances the generality 
o f  the analysis technique.
3.5 Small-Signal Analysis
The small-signal analysis is based on the conversion matrix technique [3.14]. After 
obtaining the time-varying voltages across the non-linear elements from the large-signal 
analysis, conversion matrices for each non-linear element can be formed. These can be 
combined to construct an admittance conversion matrix for each FET. As the FETs are 
characterised as three-port networks, these conversion matrices have the form:
Ig Yg.g Yg,d Yg,s~ ~Vg
Id = Yd,g Yd,d Yd,s Vd (3.6)
Is J s ,g Ys,d Ys,s Vs
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YM ={BQcyr1 + Rii } - 1 + ja c gd
The elements o f  the FET conversion matrix are given by:
Tg,S — - j£2Cgd
Ygji = - { [jnCgs]'1 + R il} '1
Yd,g = G m[I - R,I { [ ja C d J 1 + R i l } 1] - jQ C gd
Yd,d = Gds + jOCgd + jQCds
Ydtf = - Gm [I - Ril {[jaCd,] '1 + Ril} -1] - GdS - jQCds 
YSlB = - G„, [I - RJ { [jnCgJ1 + Ril}'1] - {LjSiCs]-1 + Ril} '1 
YS)d — - Gd “ jOCds
YSlS = Gm[I - Ril {[jnCg,]'1 + Ril)1] + djOCg,]'1 + RJ}-1 + Gd. +jJC ds (3.7)
In these expressions, Cgs, Cgd, Gm  and Gds represent the conversion matrices for the 
time-varying elements Cgd(t), Cgd(t), Gm(t) and Gds(t), where Gm(t) and Gds(t) are the 
partial derivatives o f  Ids(t). The entries o f  these conversion matrices are the Fourier 
components o f  the time-varying elements. £2 is a diagonal matrix whose elements are the 
radian frequencies o f  the mixing products and I is the identity matrix.
For the linear networks, similar admittance conversion matrices can be formed for each 
network. However, since these networks are linear and time-invariant, there is no internal 
coupling between the ports at different mixing frequencies. Thus, each element in their 
admittance matrices is a diagonal submatrix.
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Having constructed all the conversion matrices, the mixer circuit can be modelled as an 
interconnection o f  multifrequency linear multiport networks as shown in Fig. 3.7. Yi to Y8 
and Y a to Y R represent the admittance matrices o f the FETs and the interconnecting 
networks respectively. Linear analysis techniques can then be applied to obtain the overall 
mixer admittance matrix, from which the small-signal conversion loss o f  the mixer can be 
determined [3.9].
RF
Figure 3.7: Overall mixer represented as an interconnection of linear multiports in 
the small-signal analysis
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3.6 Results and Discussion
The analysis technique was applied to a four-section cascode distributed mixer, previously 
designed by A. H. Baree [3.15]. Fig. 3.8 shows a photograph o f  the mixer chip, which was 
fabricated using the MCL foundry process.
Vg2 
Vgl
Figure 3.8: Photograph of the cascode distributed mixer chip (1.3 x 1.9mm2) [3.15]
The IV characteristics o f  the cascode FET at a drain bias o f  2V is shown in Fig. 3.9. These 
characteristics will be utilised in the determination o f  the initial voltages and currents in the 
large-signal analysis. Based on the microstrip-line and device models available from the 
foundry, the mixer conversion loss was calculated under different operating conditions.
Vdd
Id
FET2
FET1 
V dl
Figure 3.9: DC characteristics of a cascode of two 2x60jim PHEMTs at Vdd = 2V
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Fig. 3.10 shows the measured and calculated conversion loss over the 2 to 20 GHz RF 
range at an IF frequency o f  1 GHz and the LO level o f lOdBm. The difference between 
measured and calculated results is within ldB over most o f the RF range. The trend in the 
conversion gain variation with Vg2 bias was also correctly predicted as shown in Fig. 3.11. 
A comparison o f the measured and calculated conversion gain variation with LO power in 
Fig. 3.12 also indicates good agreement. Thus, the analysis technique is capable o f 
predicting broadband performance o f the distributed mixer over different biasing 
conditions and LO power levels.
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Figure 3.10: Measured and calculated conversion loss variation with RF frequency
0.2 0.4
Vg2 (V)
Figure 3.11: Measured and calculated conversion loss variation with Vg2
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LO Power (dBm)
Figure 3.12: Measured and calculated conversion loss variation with LO power
3.7 Conclusions
An extension o f  the large-signal /  small-signal analysis technique for the analysis o f  
multiple FET mixers has been presented. It treats the FET as a three-port network, which 
can be interconnected by several linear networks as in balanced and distributed mixers. 
This approach has been verified experimentally with the analysis o f  a four-section cascode 
distributed mixer. Other multiple-FET mixers can be analysed using this extended 
technique.
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C h a p te r  4
4 Planar Marchand Balun Analysis
4.1 Introduction
A  balun is a transition between a balanced and an unbalanced transmission line. Intuitively, 
an unbalanced transmission line carries the signal between a conductor and ground while a 
balanced transmission line carries the signal between two conductors. With reference to 
ground, the signals on the two conductors are in anti-phase. Therefore, by introducing a 
ground plane to the two unbalanced ports, the balun can be used as an anti-phase power 
splitter or combiner. This circuit function is essential in balanced circuit topologies such as 
balanced mixers, frequency doublers and push-pull amplifiers [4.1]-[4.4].
Many balun circuit structures, however, are not amenable for planar circuits. They usually 
require metalization on both sides o f  the substrate or some non-planar structures. Various 
balun configurations have been proposed for applications in MICs and MM IC’ s [4.5]-
[4.7]. Among them, the planar version o f  the Marchand balun [4.8] is perhaps one o f  the 
most attractive due to its planar structure and wideband performance.
The planar Marchand balun consists o f  two coupled sections, which may be realised using 
microstrip coupled lines [4.9], Lange couplers [4.7], multi-layer coupled structures [4.10], 
or spiral transformers [4.11], [4.12]. The baluns presented in the double-balanced mixer 
section o f  Chapter 2 are examples o f  the Lange coupler and spiral transformer type 
Marchand baluns. These baluns are usually designed through the use o f  full-wave 
electromagnetic simulations [4.6] or lumped element models [4.12]. Various synthesis 
techniques have also been reported. Tsai and Gupta [4.13] used the design curves o f  the 
original Machand balun [4.14] to synthesise a planar Marchand balun based on coupled 
line equivalent circuit models. Schwindt and Nguyen [4.15] apply a circuit synthesis 
technique based on the analytically-derived scattering parameters o f  the multilayer planar
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Marchand balun. In this chapter, the planar Marchand balun is analysed as a combination 
o f two identical coupled sections [4.16]. This simplifies the balun design to designing 
couplers with the appropriate coupling factor. This approach also provides valuable insight 
into the balun operation, relating the coupling factor o f the coupler to the balun input and 
output impedances. This results in an effective technique for designing impedance- 
transforming baluns.
Most o f  the work on improving the planar Marchand balun has focused on achieving wide 
band performance [4.6] and miniaturisation [4.17]. The issue o f  balun output matching and 
isolation has not been addressed. This may be attributed to the fact that a lossless, 
reciprocal three-port network such as the balun cannot achieve perfect matching at all 
three ports [4.18]. In many applications, however, balun output matching and isolation can 
enhance circuit performance. In double balanced diode mixers, good output matching o f 
the LO and RF baluns at the diode interfaces can reduce LO power drive requirements and 
improve conversion loss. In push-pull amplifiers, isolation between the transistors provided 
by the balun outputs can enhance amplifier stability. In this chapter, a resistive network 
connected between the balun outputs is proposed to achieve balun output matching and 
isolation. This approach is analogous to the use o f  an isolation resistor in the Wilkinson 
power divider [4.19]. By combining this technique with impedance transforming Marchand 
baluns, a new class o f perfectly matched, impedance-transforming baluns can be realised 
[4.20].
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A block diagram o f  the balun is shown in Fig. 4.1. It provides balanced outputs to load 
terminations Z/, from an unbalanced input with source impedance Zf). In general, the 
impedances Z/ and Z0 are different. In balanced diode mixer applications for example, 
balanced signals need to be fed to a pair o f  diodes whose impedance may differ from the 
50Q source impedance. Thus, in addition to providing balanced outputs, the balun also 
needs to perform impedance transformation between the source and the load impedances. 
This can be achieved through the use o f  a symmetrical Marchand balun in conjunction with 
a resistive network.
4.2 Circuit Structure
Port 2
Z 0
Port 1
Balun
Z,
180° Port 3
Figure 4.1: Block diagram of an impedance transforming balun
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Figure 4.2: Schematic diagram of coupled line Marchand balun with port 
enumeration
Fig. 4.2 shows a schematic diagram and port definitions o f  the planar Marchand balun. It 
consists o f  two coupled sections, each o f  which is one quarter-wavelength long at the 
center frequency o f operation. Each o f  these coupled sections can be modelled by a 
parallel coupled line as shown in Fig. 4.3.
Figure 4.3: Schematic diagram of a coupled line with port enumeration
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4.3 Analysis
Considering the symmetry and reciprocity o f the four-port coupler in Fig. 4.3, its 
scattering matrix has the following form:
Is ]cou p ler
Sc.ll Sr,2l Sc.31 Sf.4l
S(.2t Sc.„ SC,4I Sc.3,
Sc.3, Sf,41 Sc.„ SC.2I
So, Sc,21 So,
(4.1)
For ideal couplers with infinite directivity and coupling factor, C, the S parameters are 
given by:
Sc.1, = °  Se.21= C  SCJ, = - y V l  - C 2 Sc.4, = 0  (4.2)
For a specific coupling factor, the design equations for the coupled line are given in terms 
o f  its even and odd mode impedances [4.20]:
z ... = z j J i £  z  = z
l - C
(4.3)
For symmetrical baluns, the performance o f  the balun can be analysed as a combination o f 
two identical couplers, as shown in Fig. 4.4.
a, -► Coupler 1
Figure 4.4: Block diagram  o f a symmetrical M archand balun as two 
identical couplers
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The voltage waves defined in Fig. 4.4 are related by the following matrix equations o f  the 
two couplers:
bl 0 C -  /V i - C 2 0 a{
A c 0 0 - y V i - c 2 Cl2
A - y V l - C 2 0 0 c
A _ 0 - y V i - c 2 c 0
co u p le r  1
(4.4a)
b 5 0 c - y V i - c 2 0 a5
A c 0 0 -  y V 1 -  C 2 a 6
A - y * V i - c 2 0 0 c ° i
A _ 0
1 J—
k 
1 o
to c 0
coitp ler2 _a% _
(4.4/?)
For the interconnection between the two couplers, we have:
V A
A . _a8_ (4.4c)
and at the open-circuit and short-circuit terminations:
(AAd)
The S parameters o f  the balun can then be obtained by using (4.4a) -  (4.4d) to relate the 
voltage waves at the three ports. With port terminations defined in Fig. 4,4, its S matrix 
has the form:
A n A.2I A . 31
L «/«n = A.2I A  .22 A .2 3
_ A .3 1 A , 23 A .22
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The balun S parameters are given by:
Sh.w -
1 -3  C 2 
1 + C 2 ( 4 .6 a )  o _  ; 2 C a/ i ~ C ~  c
b.2\ ~  J , ~ Mll +  L
(4.6k)
1 — C s  — uM2 1 + C 2 (4.6c) V -  2C
/l-23 1 + C 2
(4.6rf)
4.3.1 Impedance Transforming Balun
When the balun load terminations are changed from Z„ to Z/, as in Fig. 4.2, the balun S 
matrix o f  the balun has to be modified from [S]baiun to [5] 'bahm. The relationship between 
the two matrixes are given by the following matrix equation [4.21]:
[SL„„ = M" ([sL„„ -  [rf)([/]- [rIsL„.)" [a]* (4.7)
where [I] is the identity matrix while [F] and [A] are given by
0 0 0 ‘ o 0 0
[r ]= 0
Z , - Z „
z , + z *
0 [A] = 0 9 Vz ,z »
z l + z ,
0
0 0 Z l ~ Z o
z , + z „ 0 0 o V z -
Z .+ Z .J
In addition, [A ]'1 indicates the inverse matrix o f  [A], and [A]+ indicates the complex 
conjugate transposed o f  matrix [A].
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The S parameters o f  the balun in Fig. 4.2 are then given by:
1 - C 2
A . 11 -
2Z,
+ 1
1 + C ;
2Z,
-1
A .22 ~
1+ C J
1 - C 2 
2Z,
- 1
(4.9a)
(4.9c)
/>,3I (4.9/?)
(4.9 d)
Equation (4.9b) shows that the use o f  identical coupled sections results in balun outputs 
o f  equal amplitude and opposite phase, regardless o f the coupling factor and port 
terminations. To achieve optimum power transfer o f  -3dB to each port, we require
M = M = ^  <4-10)
Equating (4.9b) and (4.10), the required coupling factor for optimum balun performance 
is given by:
Using (4.11), a graph o f  the required coupling factor in dB vs the chosen impedance- 
transforming ratio is given in Fig. 4,5. It is interesting to note that when all the ports are 
terminated with the same impedance like 50£2, where the impedance transforming ratio is 
unity, the required coupling factor is -4.8dB and not -3dB. Based on (4.9), the use o f  
commonly assumed -3dB couplers [4.7] will result in an insertion loss and output 
isolation of-3 .5dB  and input, output return loss o f-9 .5d B  at the centre frequency.
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From Fig. 4.5, it can also be seen that very low impedance transforming ratios can be 
obtained by employing couplers with very tight coupling. This is particularly useful in 
power amplifier designs where the source and load impedances, usually 50 Cl, have to be 
transformed to the low input and output impedances o f  the power transistor.
Zi/Zo
Figure 4.5: Graph of coupling factor of coupler vs balun impedance 
transforming ratio
When (4.11) is satisfied, the balun S matrix with parameters given by (4.9) reduces to
[S lalun —
0
j
z l
J ~ J  
1 2  1 2
1  I
2 2
1  I
2 2
(4.12)
This is the best attainable S matrix o f  a lossless balun. It is matched at the input and has 
transmission coefficients o f  -3dB  with opposite phase. The outputs, however, are not 
matched or isolated. Both the output matching and isolation have a value o f -6  dB.
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4 .3 .2  Perfectly M atched Balun
To achieve perfect output port matching and isolation, some form o f  resistive network 
needs to be added between the output ports, just like in the Wilkinson power divider. To 
derive the required resistive network, Y parameters will be used.
The S matrix o f a balun with perfect output matching and isolation has the form:
C^ Lo/iin —
0
j
- j
■J2
J - j
s &
0 0
0 0
(4.13)
Based on the port terminations defined in Fig. 4.2, (4.13) can be converted to the Y 
matrix:
[ r lbalun
0
~ J J
V 2Z»Z . V 2Z»Z .
- j 1 1
y/2ZwZ, 2Zj 2Z,
j 1 1
a/2Z „Z , 2Z, 2 Z t
(4.14)
Similarly, the S matrix o f the symmetrical Marchand balun in (4.12) is converted to the Y 
matrix:
- J
Y Y Y ,
~ J
Y Y Y
j
Y Y Y
(4.15)
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Comparing (4.14) and (4.15), it can be deduced that the Y matrix o f the resistive network 
has the form:
(4.16)
This network can be realised by a series connection o f a phase inverter and a resistor o f 
value 2Z/.
The resistive network can also be derived intuitively. The signal path between the two 
outputs is through the coupled ports o f  the two couplers, which has an attenuation o f  
-6  dB with zero phase shift as given by (4.12). Thus, by adding another signal path with 
-6  dB attenuation and 180° phase shift, perfect cancellation o f  the signal path between the 
outputs can be achieved.
Figure 4.6: Schematic diagram of symmetrical Marchand balun with resistive 
network
Fig. 4.6 shows the schematic diagram o f  the perfectly matched balun with the resistive 
network. The phase inverter is realised by a simple half-wavelength transmission line. To 
maintain symmetry between the output ports, the resistor is split into two resistors, Z/. at 
both ends o f the transmission line.
62
The performance o f the resistive network is independent o f  the transmission line 
characteristic impedance, Z R, at the center frequency. However, Z r has significant effect 
on the operational bandwidth o f  the balun. A  major concern in the addition o f the resistive 
network is to ensure that the operational bandwidth o f the original balun is not 
significantly reduced. To investigate the effect o f  Z r on the balun bandwidth, the balun 
transmission coefficient can be derived in terms o f  the frequency dependant Y parameters 
o f  the resistive network. The result is given by
s ' =
b2' Z t {YRM- Y RZ + 2  (4.17)
where YR,u and YR,2i are the frequency dependant Y parameters o f  the resistive network, 
which is given by:
Y Z r cosW  +  2Z x sin(ffl)
*•" 2Z „Z , cos(/)/) +  7 (Z S2 +  Z ,2)s in (^ )
Y  _______________ ~~ Z R________________
* '2> 2 Z sZ ,cos()30  +  7 (Z s2 + Z 12)sm(j30 (4.18)
where (31 is the frequency dependant electrical length o f  the transmission line.
Using (4.17) and (4.18), the magnitude response o f  balun S'b.n is plotted in Fig. 4.7 with 
Z i = 50 £2 for different values o f  ZR. It is clear that a high value o f  ZR should be employed 
to minimise its effect on the balun operational bandwidth.
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0  k  2 n
j6 1 ( ra d )
F ig u re  4 .7 : E ffe c t o f  Z R on th e  b a n d w id th  p e rfo rm a n c e  o f  M a g (S 2 1 baiun) fo r  Z i  =  
50£2
It should be noted that the resistive network proposed could also be applied to other 
lossless balun structures [4.22] to achieve output matching and isolation. In addition, the 
phase inverter in the resistive network can also be realised using other wide-band 
structures [4.23].
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4.4 Results and Discussion
To validate the analytical results and demonstrate the design approach, two perfectly- 
matched impedance-transforming baluns are designed. Both baluns have source 
impedances of 500. The first balun performs transformation to a lower load terminating 
impedance o f 400, while the second balun performs transformation to a higher impedance 
o f 1600. This may represent requirements in balanced diode mixers and multipliers [4.24, 
4.4], for transforming between a 500 source impedance and the diode impedances. The 
circuits are realised using microstrip lines, fabricated on a low-cost FR-4 board with a 
dielectric constant o f 4.4 and thickness o f 1.6mm.
4.4.1 Balun for transforming from  50 O to 40 O
Using (4,11), the coupling factor required for this impedance transformation is -4.15dB. 
Lange couplers are designed to achieve the tight coupling required. Fig. 4.8 shows the 
measured results o f the Lange coupler. A  coupling factor o f  about -4.2dB is achieved ( in 
a 50 Li system ) at the centre frequency o f  1.6GHz, which is close to the designed value.
1 1 5 . 0
1 1 0 . 0
1 0 5 . 0
1 0 0 . 0
9 5 . 0
9 0 .  0
5
8
CZJ
§GJ
a<T>
CfQ
3
8
F ig u re  4 .8 : M e a s u re d  cou p ling , transm iss io n  coeffic ients a n d  phase
balance  o f  th e  -4 .2 d B  L a n g e  co u p le r
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Having verified the performance of the Lange couplers, a planar Marchand balun 
consisting of two Lange couplers is realised. A photograph of the fabricated circuit is 
shown in Fig. 4.9. A section of 5012 line is added between the two Lange couplers to 
minimise the effect of mutual coupling. Microstrip lines with 5012 characteristic impedance 
are also used to extend the three balun ports to the SMA connectors for measurement. A 
high impedance, half-wavelength transmission line is included in the circuit for 
implementation of the resistive network. Two chip resistors of 4312 are used for the 
resistive network.
F ig u re  4 .9 : P h o to g rap h  o f  the fa b ric a te d  5012 to 4012 im p ed an ce  tra n s fo rm in g  
b a lu n  w ith  the resistive n e tw o rk
6 6
The balun was measured, both with and without the resistive network. The balun was 
measured in a 500 measurement system, two ports at a time, with the unused port 
terminated in a 500 load. De-embedding was then performed to remove the effects o f the 
input and output 500 line sections. These 500 based S-parameters were then 
renormalised to the output impedance o f 400 using (4.7).
The results obtained for the balun without the resistive network are given in Figs. 4.10 and 
4.11. Fig 4.10 shows that the balun input is well matched at about 1.2 GHz with a 
minimum insertion loss of-3.5dB . The downward shift in frequency can be attributed to 
the interconnecting transmission line between the couplers, which lowers the centre 
frequency of the input line. The increasing amplitude imbalance at the high frequency end 
o f the passband can be attributed to the use o f non-ideal coupled sections with limited 
directivity. This is caused by the unequal even and odd mode phase velocities in the non- 
homogeneous microstrip medium. These amplitude imbalances can be improved with the 
use o f homogeneous dielectric mediums such as stripline. The phase balance between the 
outputs is within 10°. The balun output return loss and isolation are shown in Fig. 11. At 
the coupler centre frequency o f 1.6 GHz, a minimum value o f -6dB is obtained for both 
the output return loss and isolation. This is in agreement with the theoretical results.
Figure 4.10: Measured input return loss, insertion loss and phase balance of
50£2 to 40£2 impedance transforming balun without resistive network
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F ig u re  4 .11 : M e a s u re d  o u tp u t re tu rn  loss a n d  iso lation  o f  50£2 to  40£2 
im p e d a n c e -tra n s fo rm in g  b a lu n  w ith o u t  resistive n e tw o rk
Figs. 4.12 and 4.13 shows the results obtained with the implementation o f the resistive 
network. Comparing Figs. 4.12 and 4.10, the input matching and insertion loss o f the balun 
remain essentially unchanged at mid-band, although the bandwidth is slightly reduced. The 
phase balance within the passband has improved to within 5°. Fig. 4.13 shows the balun 
output return loss and isolation. Good output matching at the coupler centre frequency is 
now achieved. The output isolation has also improved to better than lOdB within the 
passband. The less than expected improvement in isolation is due to the imperfect 
cancellation of the signal path between the two outputs. This is caused by the additional 
phase shift o f the signal path in the coupler interconnecting line, which is not taken into 
account. The use o f the available 43Q. resistors, instead of the required 40Q resistors, also 
result in inaccurate signal levels from the resistive network for total signal cancellation. By 
compensating for the additional phase shift in the resistive network and using exact 
resistance values, further improvement in the output isolation can be achieved.
F ig u re  4 .1 2 : M e a s u re d  in p u t  re tu rn  loss, in s e rtio n  loss a n d  phase b a lan ce  o f  
5012 to  4012 im p ed an ce  tra n s fo rm in g  b a lu n  w ith  resistive n e tw o rk
Figure 4.13: Measured output return loss and isolation of 5012 to 4012
impedance transforming balun with resistive network
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Phase 
(S21/S31) (degrees)
The required coupling factor required for this impedance transformation, as given by
(4.11), is -8.7dB. This loose coupling can be easily achieved using simple microstrip 
parallel coupled lines. The measured parameters of the fabricated microstrip coupler are 
shown in Fig. 4.14. A coupling factor o f-8 .8dB  is measured at a centre frequency o f 
about 2GHz.
4.4.2 Balun for transform ing from  50 12 to 160 12
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F ig u re  4 .14 : M e a s u re d  co u p lin g , transm iss io n  coeffic ients a n d  phase b a lance  o f  
the  -8 .7 d B  p a ra lle l line co u p le r
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A planar Marchand balun was then realised using two microstrip coupled sections, whose 
dimensions are the same as the measured coupler. Fig. 4.15 shows a photograph o f the 
fabricated circuit. A high impedance half-wavelength transmission line was also included 
for implementation o f the resistive network, which includes two 16012 chip resistors.
F ig u re  4 .15 : P h o to g rap h  o f  the  fa b ric a te d  5012 to  16012 im pedance  
tra n s fo rm in g  ba lu n  w ith  the  resistive n e tw o rk
As in the previous balun, two port measurements of the balun were performed, de­
embedded and renormalised to the output impedance of 16012. Figs. 4.16 and 4.17 show 
the balun performance without the resistive network. As shown in Fig. 4.16, the use o f 
simple coupled line sections results in a smaller operational bandwidth in comparison with 
the use of Lange couplers in the previous balun. Nevertheless, a matched input and a 
minimum insertion loss of -3.5dB is obtained around 1.7GHz. The slight lowering of the 
centre frequency is likely to be caused by the open-end effect o f the input line. The phase 
balance is within 5°. As expected, the balun has poor output return loss and isolation, as 
shown in Fig. 4.17, with values between 6 to 8dB around the coupler centre frequency.
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F ig u re  4 .1 6 : M e a s u re d  in p u t  re tu rn  loss, in s e rtio n  loss a n d  phase b a la n c e  o f  5 0 Q  to  
160£2 im p ed an ce  tra n s fo rm in g  b a lu n  w ith o u t  resistive n e tw o rk
Figure 4.17: Measured output return loss and isolation of 50£2 to 160£2
impedance transforming balun without resistive network
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Phase 
(S21/S31) 
(degrees)
The balun parameters with the implementation o f the resistive network are shown in Figs. 
4.18 and 4.19. The balun input matching and insertion loss shown in Fig. 4.18 remains 
similar to those in Fig. 4.16. The output matching and isolation shown in Fig. 4.19, 
however, has improved significantly. Output port matching and isolation o f -!5dB  or 
better are achieved at the coupler c mtre frequency o f 2 GHz.
F ig u re  4 .18 : M e a s u re d  in p u t  re tu rn  loss, in s e rtio n  loss a n d  phase ba lan ce  o f  
50£2 to  160£2 im p ed an ce  tra n s fo rm in g  b a lu n  w ith  resistive n e tw o rk
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F ig u re  4 .1 9 : M e a s u re d  o u tp u t re tu rn  loss a n d  iso la tion  o f  5012 to 16012 
im p ed an c e  tra n s fo rm in g  b a lu n  w ith  res istive  n e tw o rk
4.5 Conclusions
This chapter has demonstrated that impedance-transforming baluns can be realised using 
planar Marchand baluns with two identical coupled sections. Analytical results relating the 
impedance-transforming ratio to the coupling factor of the couplers have been presented. 
A technique for achieving output matching and isolation has also been proposed. These 
techniques have been verified through experimental results o f  two planar Marchand baluns 
employing Lange couplers and microstrip coupled lines. Perfectly matched baluns, 
transforming between a 50£2 source impedance and load terminations o f  40Q and 160£2, 
have been realised. This class o f perfectly matched baluns with impedance transformation 
capabilities is invaluable in the design o f balanced microwave circuits such as mixers, push- 
pull amplifiers and frequency doublers.
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Chapter 5
5 Balanced Oscillators
5.1 In tro d u ctio n
Balanced circuit topologies are widely used to enhance circuit performance. Balanced 
mixers, such as those presented in Chapter 2 for example, offer advantages of spurious 
response rejection, enhanced port isolations and better power handling capabilities. For 
multipliers, a balanced structure results in higher output power and rejection of undesired 
harmonics. The success o f these circuits, however, relies on the availability o f accurate 
anti-phase signals, which is often the most difficult part o f the circuit design.
Traditionally, balanced signals are obtained by the use o f baluns [5.1- 5.4]. The required 
anti-phase is achieved through the phase shifting characteristics o f transmission lines [5.1] 
or filter structures [5.2], which can be narrowband or occupy large circuit areas. Active 
baluns [5.3, 5.4] have also been reported but they are often over-complex, sensitive to the 
operating conditions, require many dc bias connections, and have poor noise and linearity 
performance.
Therefore, it will be very beneficial if the oscillator itself can provide anti-phase outputs, 
eliminating the need for baluns. Several oscillator circuits have been reported [5.5-5.10] 
that have two identical oscillators operating in anti-phase. In these oscillators, an external 
resonator that exhibits an odd mode resonance is used to couple the two oscillators in anti­
phase. The resonators may be in the form of dielectric resonators [5.5, 5.6], hairpin 
resonators [5.7, 5.8] or microstrip patch resonators [5.9]. Another approach is to use 180° 
phase shifters between the oscillators to force the oscillators into anti-phase oscillations
[5.10], These approaches are not suitable for monolithic microwave circuits as the 
resonators required are either incompatible with MMIC technology or they require large
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chip areas. In this chapter, a technique for generating anti-phase signals without the need 
for external resonators is presented [5.11-5.13]. It is based on the extended resonance 
approach [5.14]. This results in compact monolithic oscillators, which can serve as 
integrated oscillators for the anti-phase inputs o f a balanced mixer. A simplified analysis of 
the balanced oscillator and measured results o f two monolithic oscillators at K and Ka- 
band are presented to demonstrate the technique.
5 .2  C irc u it  S tru c tu re
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F ig u re  5 .1 : S ch em atic  d ia g ra m  o f  th e  b a lan ced  o s c illa to r
The schematic diagram o f the balanced oscillator is shown in Fig. 5.1. It consists o f two 
identical FETs whose gates are interconnected by a transmission line. Common-source 
capacitve feedback is applied to both FETs to develop a negative conductance at the 
oscillation frequency. Thus, the admittance o f each device is -G +jB  under large signal 
conditions. Using the extended resonance technique [5.14], the length o f  the transmission 
line is chosen such that the two devices resonate with each other. This is achieved by 
selecting the length so that each device’ s susceptance is transformed to a susceptance 
with the same magnitude but opposite in sign.
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As illustrated in Fig. 5.2, this transformation creates a virtual short-circuit at the mid­
point o f the transmission line, ensuring that the devices are injection locked out o f phase. 
It should be noted that the transmission line serves as part o f  the resonant circuit instead 
o f the coupling network or 180° phase-shifter in other oscillators [5.5-5.10].
- j
F ig u re  5 .2 : A d m itta n c e  c h a rt  illu s tra tin g  the  susceptance tra n s fo rm a tio n  th ro u g h  
th e  transm ission  lin e
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5.3 Analysis
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F ig u re  5 .3 : E q u iv a le n t c irc u it  o f  th e  b a lan c ed  o sc illa to r
Fig. 5.3 shows the equivalent circuit o f  the balanced oscillator. YDi and YD2 represent the 
admittances o f the two negative conductance devices and their loads while Yci and Yci 
represent the admittances seen by the devices. The transmission line is characterised by a 
two-port network with its terminal voltages represented by voltage phasors, which are 
given by
Vx=Vxe*' (5.1)
V2
where Vj, V2, fa ancl fa are the magnitudes and phases o f the voltage phasors. 
The circuit equations at the transmission line terminals can then be written as
f - Y  V  ^ /l D\v 1
- Y  V\  l D 2 v 2
Y Y1 H  12
Y Yx 21 22
(5.2)
Any losses in the transmission line can be treated as part o f the load admittances.
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Yu = Y„ = - j Y 0 cote
(5.3)
Y\2 = Y2\ ~ J Yo csc#
where Y0 is the characteristic admittance and 9 is the electrical length of the transmission 
line.
Since the oscillator consists o f two identical halves, the following will be assumed:
l c , = l c a = I c  ( 5 -4 >
Ym = Yo 2 = Yo
Substituting (5.4) and (5.1) into (5.2), the following relationship between 0/ and 02 is 
obtained:
±J(0,-0,) _  YP +  Yn 
e -  _  (5 .5 )
12
The admittance, YD, consists o f the device admittance and the load conductance:
yd = G l - G  + jB G > 0 (5 .6)
The admittance, Yc, seen by the devices can be related to Yd by the transmission line 
equation:
The transmission line can then be considered lossless and its Y parameters are given by
Y - Y  A+yTotan6> (5-7)
c °T 0 + yTDtan6>
Using the extended resonance technique, the length o f the transmission line is chosen such 
that
Re(Tc ) — Gl —G
Im (Yc ) = - jB  (5-8)
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Solving (5.8) using (5.6) and (5.7) gives
tan 8=  f l o   (5.9)
B 2 ~Y0 + (G l - G )
The real parts o f admittances Yc and Yd are negative during oscillation start-up. As the
signal level increases, the device gain drops until the losses are exactly cancelled. Under
steady-state oscillation conditions,
G  L -  G  = 0  (5.10)
The electrical length o f the transmission line is then given by
9 -  tan'1 - 2BL l  (5.11)
B 2 - Y 0!
Thus, the 7-parameters in (5.3) are determined as
Y  -  _  / l ! r -ro2. 
• M l  J 2 B
V  -  r12 J 2 B
The phase relation in (5.5) can then be solved to give
f a - h  = ± 1 8 0 °
(5.12)
(5.13)
Therefore, under steady state oscillating conditions, the outputs o f the balanced oscillator 
are in anti-phase.
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5.4 MMIC Realisations
Based on the concept described, balanced oscillators were designed at K and Ka-Band to 
investigate the technique experimentally. These chips were fabricated using MCL F20 and 
H40 foundry processes. The oscillator frequencies for the F20 and H40 processes were 
chosen to be 20GHz and 40GHz respectively, to fully exploit the capabilities o f the 
devices and to demonstrate the technique for millimeter wave applications.
5.4.1 K -B and Oscillator
Fig. 5.4 shows the oscillator schematic diagram together with the component values. A 
photograph o f the fabricated MMIC oscillator measuring 1.2 x 1.6 mm2 is shown in Fig. 
5.5. The circuit employs two 4x75pm MESFETs with capacitive source feedback, laid 
out in rotational-symmetry. Although the FETs were designed to operate under identical 
biasing conditions, separate biasing was catered for in this prototype. Mesa resistors o f 
3k£2 were used for the gate bias while quarter-wavelength transmission lines were used 
for the drain bias and source grounding. It can be noted that the length o f the transmission 
line between the FETs is shorter than a quarter-wavelength.
V g l  V g 2
Component Value
T1,T2 4 x 75 MESFET
R l 3kQ
Cl 5 p F
C2 0.1 pF
Component Width / Length
LI 12 pm /  1500 pm
L2 12 p m /700 pm
F ig u re  5 .4 : S ch em atic  d ia g ra m  a n d  c o m p o n e n t values o f  th e  K -b a n d  b a lan c ed  
o sc illa to r
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F ig u re  5 .5 : P h o to g ra p h  o f  the  K -b a n d  o sc illa to r ch ip  (1 .2  x  1 .6 m m 2)
5.4.2 Ka-Band Oscillators
Two chips were designed on the H40 process. The first chip is analogous to the 20GHz 
oscillator and employs two 2x60 pm pHEMTs. Its schematic diagram and a photograph 
o f the fabricated chip are shown in Fig. 5.6 and Fig. 5.7, respectively. Figs. 5.8 and 5.9 
shows the schematic diagram and the photograph o f the second chip. It has a similar 
oscillator whose outputs are coupled to a pair o f resistive FET mixers for down 
conversion. These mixers consist o f two 2x60 pm pHEMTs whose gates are pumped by a 
common LO input. By down converting the oscillator signals to low frequencies, the 
amplitude and phase relationships between the oscillator outputs can be readily studied as 
their operating conditions are varied. The mixers are included on-chip to avoid 
introducing additional amplitude and phase differences between the outputs by external 
cable connections and mixers, which will be inevitable when off-chip down conversion is 
performed. This ensures that the amplitude and phase relationships between the oscillator 
outputs are maintained in the down converted signals.
This circuit configuration also represents a balanced mixer topology in which the anti­
phase signals are obtained without any baluns or hybrids. Thus, demonstrating the 
application o f balanced oscillators as an integrated oscillator for generating anti-phase 
signals in balanced circuits.
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V g i  Vg2
Component Value
T1,T2 2 x 60 PHEMT
R1 300 Q
Cl 2 pF
C2 0.05 pF
Component Width / Length
LI 12 p m / 700 pm
L2 12 p m / 400 pm
F ig u re  5 .6 : S chem atic  d ia g ra m  a n d  co m p o n en t values o f  th e  K -b a n d  b a lan ced  
o sc illa to r
Figure 5.7: Photograph of the Ka-band oscillator chip (0.9 x 1.3mm2)
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Vbi LO Vb2
Component Value
T1,T2,T3,T4 2 x 60 PHEMT
Rl 30012
R2 5012
Cl 2 pF
C2 0.05 pF
Component Width / Length
LI 12 pm / 700 pm
L2 12 pm /  400 pm
L3 60 pm / 700 pm
SI 30 pm
F ig u re  5 .8 : S chem atic  d ia g ra m  a n d  co m p o n en t va lues o f  the  K -b a n d  b a lan c ed  
osc illa to r
Output 1 Output 2
Figure 5.9: Photograph of the Ka-band oscillator with integrated mixer chip (1.3 x
2.3mm2)
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The fabricated chips were measured on a Cascade Microtech probestation. All RF 
connections to the chips were made using 200pm pitch coplanar probes while DC biasing 
was applied though probe needles.
5 .5 .1  K -B a n d  O s c i l la to r
For the K-band oscillator, stable oscillations at 19.3GHz with 5dBm output power were 
observed when the drain bias of 5V was applied to both FETs. Fig. 5.10 shows the 
oscillation spectrum. Single frequency oscillations were observed even when the biasing 
conditions for the two transistors were slightly different. The variation of oscillation 
frequency and output power with drain bias is shown in Fig. 5.11. The gate bias was set at 
-0.5V.
ATTEN 20 d B MKR 5.00dBm
RL lO.OdBm lOdB/ 19. 33721GHz
5.5 Results and Discussion
CENTER 19.33721GHz SRAN 50.00MHz
RBW lOOkHz VBW lOOkHz SWR 50.Oms
Figure 5.10: Output spectrum of the K-band oscillator
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Drain Voltage (V)
F ig u re  5 .1 1 : K -b a n d  o sc illa to r fre q u e n c y  a n d  o u tp u t p o w e r v a r ia t io n  w ith  
d ra in  bias. T h e  g a te  b ias  is set a t  - 0 .5 V .
To investigate the phase relations between the oscillator outputs, a direct measurement 
technique using an injection locking polar diagram is used [5.15]. Fig. 5.12 shows the 
measurement set-up. The measurement principle is based on injection locking the oscillator 
with the synthesised oscillator in the vector network analyser. A locking bandwidth o f 
10MHz with 20dB locking gain was observed on the spectrum analyser.
F ig u re  5 .12 : E x p e r im e n ta l s e t-u p  fo r  th e  phase m easu re m e n t o f  the  o sc illa to r  
o utputs  by in je c tio n  lock in g
8 6
The network analyser measures the phase o f the reflection (SI I) and transmission (S21)  
locking gain. Denoting the phase o f the oscillator signal at the injection port and the 
opposite port by Oi and 62. and the phase o f the injection signal by 63 , the relationship 
between the two oscillator ports under locked conditions can be deduced as follow:
0 2 - 0 ,  = ( Q 2 -d3) -  ( O i  - O 3 ) (5.14)
=  ph ase(S2I)  -  phcise(S ll)
The injection locking polar diagram obtained is shown in Fig. 5.13. Under locked 
conditions, SI 1 phase varies from 90° to -90° while S21  phase varies from -90° to 90° 
with increasing locking frequency. An exact anti-phase relationship is maintained between 
the two oscillator outputs within the locking range, as shown by the phase plot in Fig. 
5.14. This measurement also demonstrates that the balanced oscillator can be used as a 
form o f active balun where the input signal is used for injection-locking the balanced 
outputs.
S l l
S21
S T A R T  19 .33  G H z  
S T O P  19 .34  G H z
F ig u re  5 .13 : P o la r d ia g ra m  o f  re fle c tio n (S 7 1 ) an d  tran sm is s io n (S 21 ) in je c tio n  gains  
o f K -b a n d  osc illa tor. A rro w s  in d ic a te  d ire c tio n  o f  in creas ing  freq u en cy .
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In je c tio n  F req u en cy (G H z )
F ig u re  5 .1 4 : Phase response o f  th e  K -b a n d  o sc illa to r o u tp u ts  re la tiv e  to  th e  in je c tio n  
signa l a t  p o r t  1
5.5.2 K a-Band Oscillators
The Ka-band oscillator in Fig. 5.7 was first measured on a spectrum analyser. Stable 
oscillations were observed around 40GHz when the drain bias was varied from 2 to 3.8V. 
The variation o f frequency and power level with drain bias are shown in Fig. 5.15. The 
gate bias was set to OV.
u
Pa>
P
cr
a>
u
fe
D r a i n  V o l t a g e  ( V )
F ig u re  5 .15 : K a -b a n d  o sc illa to r fre q u en c y  an d  o u tp u t p o w e r v a r ia t io n  w ith  
d ra in  bias. T h e  gate  b ias is set a t OV.
8 8
Having verified the oscillation frequencies o f the balanced oscillator under various biasing 
voltages, the oscillator chip with integrated mixers in Fig. 5.9 was measured under similar 
biasing conditions. The measurement set-up is shown in Fig. 5.16.
S p e c tru m
A n a ly s e r
F ig u re  5 .16 : E x p e rim e n ta l se t-u p  fo r  th e  lo w  fre q u en c y  m easu re m e n t o f  th e  d o w n -  
co n verted  osc illa tor ou tputs
The LO for the down conversion is obtained from a synthesised oscillator. As the LO 
frequency is varied around 40GHz, a down converted IF signal is observed on the 
spectrum analyser. By noting whether the IF increases or decreases as the LO is 
increased, the operating frequency o f the oscillator can be deduced from the IF and LO 
frequencies. Fig. 5.17 shows the variation of the operating frequency o f the oscillator 
when the bias is varied.
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Drain Voltage (V)
F ig u re  5 .17 : F req u en cy  v a r ia t io n  w ith  d r a in  b ias o f  th e  K a -b a n d  o sc illa to r w ith  
in te g ra te d  m ix e r  ch ip . T h e  gate b ias is set a t  O V.
The down converted signals are then displayed on the oscilloscope. Fig. 5.18 shows the 
typical waveform displays as the drain biased is varied. It is evident that the amplitude 
balance and anti-phase relationship between the signals is maintained as the operating 
point is changed. This phase difference was always repeatable as long as the IF was low 
enough so that the cable lengths used in the experimental set-up have negligible effect on 
the phase measurement. Small phase deviations observed in the waveforms can be 
attributed to the small differences in the cable lengths. In the measurement, the LO is 
tuned to obtain an IF that is below 10MHz.
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(C)
Figure 5.18: Typical oscilloscope displays o f the down converted Ka-band oscillator 
signals.
(a): Vd = 2.4V, LO = 39.98GHz
(b): Vd = 2.9V, LO = 39.73GHz
(c): Vd = 3.4V, LO = 39.52GHz
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5.6 Conclusions
It has been demonstrated that exact anti-phase signals can be obtained directly from an 
oscillator without the need for external baluns or resonators. Instead, the phase and 
amplitude balances are obtained from the oscillator characteristics and the inherent 
symmetry in the circuit topology. This results in compact designs with excellent amplitude 
and phase balance performance which is insensitive to process variations. The phase 
relationship has been verified by direct phase measurements based on injection locking 
polar diagrams and with low frequency measurements o f the down-converted oscillator 
outputs. Measured results shows that the amplitude and phase characteristics are 
maintained throughout the operating frequency range o f the oscillator. Therefore, this new 
oscillator is expected to find applications in balanced monolithic circuits where it can serve 
as an integrated oscillator generating accurate anti-phase signals.
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Chapter 6
6 Power Combining and Transmission- 
Line Stabilised Oscillators
6.1 In tro d u ctio n
The balanced oscillator, presented in the previous chapter, has a unique circuit topology 
which utilises two devices to provide two oscillator outputs. Operating as a balanced 
oscillator, the two outputs are terminated with two resistive loads where the equal 
amplitude and opposite phase signals are obtained. When one o f the resistive loads is 
replaced by a reactive open- or short-circuit, the output power o f  the two devices are 
combined at the resistively terminated output. In this case, the oscillator operates as a 
power combining oscillator. In addition, when an open- or short-circuit transmission line, 
many wavelengths long, is used as the reactive load, the frequency stability o f the 
combined output improves significantly. Thus, the oscillator can be stabilised by a long 
transmission line open- or short-circuit resonator. These observations led to an 
investigation of two extensions to the balanced oscillator: power combining and 
transmission-line stabilised oscillators. Previously fabricated K and Ka-band monolithic 
oscillators are used to evaluated these techniques experimentally. Simplified derivations o f 
the improvements in oscillator performance are also presented in this chapter. Compared 
to conventional techniques o f power combining and frequency stabilisation, the proposed 
oscillator enhancement techniques offer several advantages for monolithic 
implementations.
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6.1.1 Power Combining Oscillators
Various techniques have been reported for combining the power from several solid state 
devices [6.1-6.5]. These power combining are especially important at millimeter wave 
frequencies where the power capability o f a single device is rather limited due to rapid 
decrease in available power with increasing frequency [6.6]. The developed techniques 
include combining several devices in a single resonant circuit [6.1, 6.2] as well as 
combining the power o f several oscillators using hybrids [6.3, 6.4]. In practice, the task is 
complicated by multi-moding problems associated with multiple device oscillators and high 
losses suffered by the hybrids at millimeter frequencies. The proposed power combining 
oscillator technique using balanced oscillators is free from multi-moding problems and the 
use o f combining hybrids [6.7]. In this method, the devices are interconnected using 
appropriate transmission lines to form a single resonant structure [6.5]. This overcomes 
the need for external resonant circuits or power combining hybrids. Thus, resulting in a 
compact design that is suitable for monolithic implementation.
6.1.2 Frequency Stabilised Oscillators
Due to the overwhelming advantages o f  size, reliability and cost, an increasing number o f 
oscillator circuits have been implemented using monolithic technology [6.8]. These 
oscillators, however, generally have poor phase noise performance as the monolithic 
circuitry has relatively low quality factor (Q). To meet the low noise requirements o f 
practical systems, some form o f oscillation stabilising scheme has to be employed.
The most common frequency stabilisation and phase noise reduction techniques are the use 
o f dielectric resonator oscillators (DROs) [6.9, 6.10] and phase locked oscillators (PLOs) 
[6.11, 6.12]. Due to the high Q o f  dielectric resonators, DROs offer excellent low noise 
performance. However, they require accurate dimensions o f  the dielectric puck and its 
precise placement on the chip or package substrate as these parameters determine the 
oscillating frequency and stability. This demands careful post-fabrication attention, 
resulting in high manufacturing cost and low repeatability. The alternative approach o f 
using PLOs requires many components such as voltage controlled oscillators, frequency 
dividers and phase/frequency comparators. Furthermore, additional frequency multipliers
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and amplifiers are required due to the limited operating frequency o f frequency dividers. 
These requirements result in a complex and high cost multi-chip scheme at millimeter- 
wave frequencies.
The proposed transmission line stabilised oscillators does not require precise 
placement o f the resonator as the transmission line resonator is connected directly 
to the monolithic oscillator [6.13, 6.14]. The oscillation frequency is determined 
by the resonator length, which can be readily varied during manufacture to obtain 
the desired frequency. Electronic control o f the resonator’ s electrical length can 
also be implemented by incorporating varactor diodes at the end o f  the 
transmission line, either on-chip within the monolithic oscillator, or off-chip at 
the other end o f  the transmission line [6.15]. This provides additional frequency 
tuning capability to compensate for MMIC process variations and frequency drifts 
due to temperature variations. This results in a simple and low cost stabilising 
scheme.
6 .2  P o w er C om bin ing  Techn iq ue
The proposed power combining technique using balanced oscillators can be 
considered as an FET implementation o f  the power combining diode oscillator 
based on the extended resonance technique [6.5]. Fig. 6.1 shows the schematic 
diagram o f  a two-device power combining structure using the two-terminal 
devices. The devices are represented by a negative conductance, -G , in parallel 
with a susceptance, jB . A transmission line is used to transform the admittance o f 
the first device, -G +jB , to its conjugate, which is -G -jB . By placing another 
device at the end o f  the line, the sum o f the two negative device conductances, - 
2G, will be presented to the terminating load G/,.
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transmission line
F ig u r e  6 .1 :  A  tw o -d e v ic e  p o w e r  c o m b in in g  s t r u c tu r e
Fig. 6.2 shows the implementation o f  the two-device power combining oscillator 
using three-terminal FETs. The circuit configuration is basically that o f  the 
balanced oscillator. Negative conductances are obtained by applying common 
source capacitive feedback to each FET and terminating the drains with load 
conductances Gli and Glz. The admittance o f  the first device, which is given by 
G u-G +jB , is then transformed to G u-G -jB  by the transmission line. By placing 
an identical device with load conductance GL2 at the end o f  the line, the total 
conductance o f G li-2G  will be presented to the load Gi2. In this case, the sum o f  
the two negative conductances can be obtained by setting Gu  to zero. Thus, by 
leaving one o f  the ports open-circuit, the power o f  the two devices can be 
combined at the other port. Therefore the balanced oscillator operates as a power 
combining oscillator when only one o f  the ports is loaded while the other port is 
open-circuited.
Figure 6.2: Power combining oscillator using FETs
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6 .3  T ra n s m is s io n -L in e  S ta b ilis in g  T e c h n iq u e
The most effective way o f improving an oscillator’ s noise performance is to increase its Q 
factor, as it determines the oscillator’ s operating parameters such as phase noise, 
frequency stability and (load) pulling figure. In this section, the feasibility o f using long 
transmission line resonators to increase the loaded Q o f oscillator circuits is investigated.
Fig. 6.3 shows a functional diagram o f  an idealised microwave oscillator. 
Maintaining the resonator plane a-a as a reference, the oscillator circuit and the 
load constitute a microwave generator, as shown in Fig. 6.4. A constant current 
source I g in parallel with source admittance G g is used to represent the generator. 
The resonator is realised using a transmission line with characteristic admittance 
Yo and electrical length /. Open-circuited transmission line resonators will be 
considered although equivalent results can be obtained with short-circuit 
resonators.
a
O s c i l la t o r
C i r c u i t
R e s o n a to r
a
F ig u r e  6 .3 :  F u n c t io n a l  d ia g r a m  o f  a n  id e a lis e d  m ic ro w a v e  o s c il la to r
a
M ic r o w a v e
G e n e r a to r
T ra n s m is s io n  L in e  
R e s o n a to r
G g CD Y o . a . p  ° /c
<■ I +-
a
Figure 6.4: Equivalent circuit o f the oscillator at the resonator plane
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The input admittance of the transmission line resonator can be expressed as
where
Yin -  Gin +  jBin
sinh (cfl?) cosh (af)
( 6 . 1 )
sinh7 (a t) + cos2 (p£) 
sin(pc)cos(j3C)
sinh2 (a£) + cos2 (ft£) 
a  and P are the attenuation and phase constants o f  the transmission line.
At frequencies where I is an integer number o f half-wavelengths,
p£ = Nk
where N is an integer.
The input admittance is then given by
Yin — Gin = Y0 tanh(af)
(6.2a)
(6.2b)
(6.3)
(6.4)
At frequencies in the vicinity o f  pi = Nk , the input characteristics o f  the 
transmission line can be modelled by a parallel resonant circuit. The loaded Q 
factor o f  the resonant circuit can be evaluated as [6.16]:
Ql
CD. dB.
2(GC + G J  ) dm
Y„Nk
Gg + T0 tanh(aNXr cosh aNX. Yl
7 A
(6.5a)
(6.5b)
where Xr is the resonant wavelength.
From (6.5b), it appears that by increasing the length o f  the open-circuited 
transmission line, Ql can be increased. This is valid if the transmission line is 
sufficiently low loss such that the terms o f  ocNXr are negligible. As Ql increases 
with increasing length, the associated line losses will become increasingly 
significant. This will result in decreasing improvement with increasing length. 
Eventually, as the line losses become excessive, QL will start to decrease.
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Another effect o f  increasing line length is that the transmission line will have 
many closely spaced resonant frequencies. Thus, the circuit will have spurious 
response close to the desired resonant frequency, which is unacceptable in many 
applications. Therefore, for the approach to be feasible, the oscillator circuit must 
retain some selectivity, other than that provided by the transmission line. This is 
to ensure oscillation occurs only at a single mode whereby other alternative 
modes are sufficiently suppressed once the desired oscillation mode is excited
[6.17]. In addition, it must be able to operate under dual loading conditions, 
being connected both to an external load and a transmission-line resonator. This 
requires two output ports with sufficient isolation. If these oscillator 
requirements are met and the transmission-line resonator is sufficiently low loss, 
increasing the resonator length is an effective way to increase Ql, and reduce 
phase noise. A simple oscillator circuit fulfilling these requirements is the 
balanced oscillator circuit already described in the previous chapter.
- jB  jB
O s c il la to r
C i r c u i t ____ . . ..............  ........... .......
-------*-----
— ► — ► +------ N Xr/ 2 ---------►
-----0 —. . »
—• -------------------------• -
T  , T
o/c o/c
■4----- X-----
jB  - jB
F ig u r e  6 .5 :  S c h e m a tic  d ia g r a m  o f  th e  o s c il la to r  c i r c u i t
Fig. 6.5 illustrates the application o f  transmission line stabilising technique to this 
type o f  balanced oscillator. The device susceptances and the transmission line 
form a resonant circuit. This provides the required frequency selectivity to permit 
oscillation at only one o f  the several closely spaced frequencies where the 
oscillation condition is satisfied in the external resonator. The two outputs o f  the 
balanced oscillator provide the required connections to the external load and the 
transmission line resonator.
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The proposed techniques o f  power combining and transmission line stabilisation 
were evaluated experimentally using the balanced oscillators previously described 
in Chapter 5. Both the K and Ka-band monolithic oscillators were employed for 
the implementation o f  these techniques.
6 .4 .1  Power Combining Oscillators
The monolithic oscillators were measured under the two terminating conditions. 
In case I, one o f the ports is measured while the other port is terminated in 50£>. 
In case II, the other port is not terminated, ie. open- circuited. Fig. 6.6 shows the 
output spectrum o f  the K band oscillator at Vg = OV and Vd = 5V for the two 
terminating conditions.
ATXEM 20dB VAVG 83 MKR 9.83dBm
6.4 Results and Discussion
CENTER I S .475903GHz SRAM l.OOOMHz
RBW lOkHz VBW lOkHz SWP 50.Oms
F ig u re  6.6 : O u tp u t spectrum s o f  th e  K -b a n d  o sc illa to r  
a t Vgs=O V  an d  V d s = 5 V
Case I:  opposite p o r t  is te rm in a te d  w ith  5 0 Q
(o p era tin g  a t  1 9 .3 0 G H z  w ith  6 .3 3 d B m  o u tp u t p o w e r)
Case I I :  opposite p o r t  is open c irc u ite d
(o p era tin g  a t  1 9 .4 7 G H z  w ith  9 .8 3 d B m  o u tp u t  p o w e r)
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In case I, the oscillator operates at 19.3 GHz with 6.33dBm output power, while 
in case II, the output power increased to 9.83dBm with a change in frequency to 
19.47 GHz. Besides an increase in power level by about 3dB, a significant 
reduction in phase noise was also observed. At 100kHz offset from carrier, the 
phase noise is about -90dBc/H z for the balanced outputs and -lOOdBc/Hz for the 
combined output. This lOdB reduction in phase noise can be attributed to the
increase in the output power, P() as well as the external quality factor, Qex, o f  the
oscillator when one o f  the loads is removed. Neglecting the effect o f  nonlinear 
reactances, the frequency fluctuations are inversely proportional to P„ Qext2
[6.18]. As the oscillator power is mainly dissipated in the external loads, removal 
o f  one o f  these loads increases both P„ and Qexl by a factor o f  two. Thus, a 9dB
reduction in phase noise is expected, which is in good agreement with the
observed result.
Fig. 6.7 shows the measured spectra o f  the Ka-band oscillated at Vg = OV and Vd 
= 3.5V for two terminating conditions. Note that the displayed power level 
includes a 20dB attenuator, which was included at the input o f  the external mixer. 
As in the K-band oscillator, approximately 3dB increase in output power and 
lOdB decrease in phase noise were observed when the 5 0 0  termination was 
removed.
CL- 2 3  . O d B  VAS/G 2 2  MKR - 1 3  . O O d B m
Rl_ - 7 . O d 0 m  l O d B /  3 2  . 8 5 6 0  3 G H Z
F ig u re  6.7: O s c illa to r o u tp u t  sp ec tra  o f  the  K a -b a n d  o sc illa to r a t  Vgs=O V  
a n d  V d s = 3 .5 V . Case I :  O p p o s ite  p o r t  te rm in a te d  in  5 0 0
(o p e ra tin g  a t  3 9 .6 7 3 G H z  w ith  3 .6 d B m  o u tp u t p o w er)
Case I I :  O p p o s ite  p o r t  o p e n -c ircu ited  
(o p e ra tin g  a t  3 9 .8 5 6 G H z  w ith  7 d B m  o u tp u t pow er)
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The variation o f power level with the drain bias voltage under the two terminating 
conditions was also measured. Figs. 6.8 and 6.9, respectively shows the results 
obtained for the K and Ka-band oscillators. For both oscillators, the oscillator 
outputs can be effectively combined throughout the drain bias variation.
Drain Voltage (V)
F ig u re  6 .8 : P o w er v a r ia t io n  w ith  d ra in  b ias fo r  the  K -b a n d  osc illa to r
Drain Voltage (V)
Figure 6.9: Power variation with drain bias for the Ka-band oscillator
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Figs. 6.10 and 6.11 show the frequency variation with drain bias for both
oscillators. The combined output frequency for both oscillators are significantly
less sensitive to the biasing voltage when the opposite port is terminated in an 
open-circuit. Therefore, these measurements show that the outputs o f  the
oscillator can be effectively combined without using any hybrids, with
improvements in noise performance and frequency stability.
Case I —ft- Case II
Drain Voltage (V)
F ig u re  6 .10 : F req u en cy  v a r ia t io n  w ith  d ra in  bias fo r  th e  K -b a n d  o sc illa to r
Case I — Case II
Drain Voltage (V)
F ig u re  6 .11 : F req u en cy  v a r ia t io n  w ith  d ra in  bias fo r  th e  K a -b a n d  o sc illa to r
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6 .4 .2 .  T r a n s m is s io n - L in e  S t a b i l is e d  O s c i l la t o r s
To investigate the transmission line stabilising technique, the K-band oscillator was first 
measured by connecting one o f the output ports to the spectrum analyser, leaving the other 
output port open-circuited. Stable oscillations at around 20GHz with OdBm output power 
were observed at Vgs=0V and Vds=3V. Without altering the biasing conditions or the 
analyser settings except the center frequency, the oscillator was then measured with open- 
circuited coaxial cables connected to the other output port. Three coaxial cables o f 
different lengths were used and their measured parameters are given in Table 6.1.
T a b le  6 .1 : M e a s u re d  p a ra m e te rs  o f  the  th ree  coax ia l cables.
Resonator Cable Length No. o f half-wavelengths, Insertion Loss
(cm) N (dB)
20GHz 43GHz 20GHz 43GHz
Rl = 10 23 49 0.35 0.7
R2 = 50 89 191 1.7 3.2
R3 = 100 171 368 3.2 6.5
Fig. 6.12 shows the measured spectra obtained for the four different resonator loading 
conditions. The displayed power levels include probe and cable losses, which are about 
4dB in total. Similar spectra were observed when the transmission lines were terminated in 
a short-circuit instead o f an open-circuit. Spurious oscillations at unwanted signal 
frequencies were not observed in any o f the cases.
Fig. 6.12 depicts a significant lOdB reduction in phase noise with the connection o f  a short 
transmission line resonator, R l. Increasing the resonator length by five times, using R2, 
results in a further improvement o f about 8dB. Finally, using resonator R3, which is twice 
the length of R2, results in a further 3dB improvement. The measured phase noise for R3 
at 100kHz offset is about -lOOdBc/Hz. The trend o f decreasing phase noise improvement 
with increasing length is depicted in Fig. 6.13. The resonator length is plotted in terms o f 
N, the number o f half-wavelengths. Also plotted, is the increase in Ql as the resonator 
length increases, given by (6.5b). Neglecting the effect o f non-linear reactances, phase 
noise near the carrier is inversely proportional to Ql [6.19]. Therefore, 20lo g (Q L)  is 
plotted in Fig. 6.13 for direct comparison with improvement in phase noise. The two 
curves are in general agreement. Therefore, it is evident that increasing resonator length 
effectively increases the oscillator Ql and equivalently reduces phase noise.
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ATTEN 20dB MKR 0 . 17dBm
RL lO.OdBm 1 0 d B /  19.849955GHz
C E N T E R  19 .8 4 9 9 5 2 G H z SP A N  1 .000M H z
R B W  10kHz V B W  10kH z S W P  50 .0m s
F ig u r e  6 .1 2 :  F r e q u e n c y  s p e c tru m s  o f  K - b a n d  o s c il la to r  
w ith  d i f fe r e n t  re s o n a to rs :
RO : N o  e x te r n a l  r e s o n a to r  
R l :  O p e n - c i r c u i t  r e s o n a to r  o f  le n g th  s lO c m  
R 2 : O p e n - c i r c u i t  r e s o n a to r  o f  le n g th  s 5 0 c m  
R 3 : O p e n - c i r c u i t  r e s o n a to r  o f  le n g th  = 1 0 0 cm
N o . o f  h a lf -w a v e le n g th s  , N
F ig u r e  6 .1 3 :  Im p r o v e m e n t  in  p h a s e  n o ise  a n d  2 0  lo g (QL) vs N 
f o r  th e  K -b a n d  o s c il la to r
Ql is e v a lu a te d  u s in g  e q n . 6 .5 b ,  w ith  th e  fo llo w in g  p a r a m e te r s :
Y0 =  0 .0 2  S , Gg =  0 .3  S , a.— 0 .4  N p /m ,  Xr~ 0 .0 1 5 m
Frequency stabilisation o f the Ka-band oscillator using transmission lines was also 
investigated. The same coaxial cables given in Table 6.1 were used. Fig. 6.14 shows the 
frequency spectra obtained under the different resonator loading conditions, with Vgs = 
OV and Vds = 3.5V. Note that the displayed power level includes probe and cable losses 
which are about 7dB, as well as a 40dB attenuator, which was included at the input o f  the 
external mixer. Fig. 6.14 depicts a dramatic 20dB decrease in phase noise with the addition 
o f resonator Rl. The lowest phase noise is obtained using resonator R2, with -90dBc/Hz 
at 1MHz offset. Increasing the resonator length to R3 actually causes 3dB degradation in 
phase noise.
Fig. 6.15 shows the measured phase noise improvement and the predicted increase in Ql as 
a function of resonator length. The curve o f 20lo g (Q l )  predicts a maximum phase noise 
improvement o f 35dB with resonator length o f about 200 half-wavelengths. Beyond 
which, the associated line losses become increasing significant such that Ql starts to 
decrease and phase noise degrades with increasing length. This trend is in agreement with 
the measured results.
In addition to phase noise reduction, an increase in frequency stability was also observed 
with increasing resonator length. As an indication o f  frequency stability, frequency pushing 
o f the two oscillators under different resonator terminating conditions is measured. The 
variation of oscillation frequency with drain bias for the K and Ka-band oscillators are 
shown in Figs. 6.16 and 6.17 respectively. With the addition o f external resonators, a 
dramatic decrease in frequency pushing was observed for both oscillators. The minimum 
frequency pushing measured was 5MHz/V for the K-band oscillator and 30MHz/V for the 
Ka-band oscillator.
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CL 22.0dB MKR -40.00dBm
RL -18.0dBm 1 0 d B /  42.899158GHz
C E N T E R  4 2 .8 9 9 1 5 8 G H z SP A N  5 .0 00M H z
R B W  10kH z V B W  10kHz SW P 130.0m s
F ig u r e  6 .1 4 :  F r e q u e n c y  s p e c tru m s  o f  K - b a n d  o s c il la to r  
w ith  d i f f e r e n t  re s o n a to rs :
R 0 :  N o  e x te r n a l  r e s o n a to r  
R l :  O p e n - c i r c u i t  r e s o n a to r  o f  le n g th  = 1 0 c m  
R 2 :  O p e n - c i r c u i t  r e s o n a to r  o f  le n g th  2 5 0 c m  
R 3 :  O p e n - c i r c u i t  r e s o n a to r  o f  le n g th  s lO O c m
N o . o f  h a lf -w a v e le n g th s ,  N
F ig u re  6 .1 5 :  Im p r o v e m e n t  in  p h a s e  no ise  a n d  20 Iog (<2D  vs N  
fo r  th e  K a -b a n d  o s c il la to r .
Ql is e v a lu a te d  u s in g  e q n . 6 .5 b ,  w ith  th e  fo l lo w in g  p a ra m e te rs :  
Yq =  0 .0 2  S , Gg ~ 0 .0 7  S , (X= 0 .8  N p /m ,  A r— 0 .0 0 7 5 m
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Drain Voltage (V)
F ig u r e  6 .1 6 :  F r e q u e n c y  p u s h in g  o f  th e  K - b a n d  o s c il la to r  
u n d e r  d i f f e r e n t  r e s o n a to r  c o n d it io n s :
RO : N o  e x te r n a l  r e s o n a to r  
R l :  O p e n - c i r c u i t  r e s o n a to r  o f  le n g th  s lO c m  
R 2 :  O p e n - c i r c u i t  r e s o n a to r  o f  le n g th  = 5 0 c m  
R 3 :  O p e n - c i r c u i t  r e s o n a to r  o f  le n g th  = 1 0 0 c m
Drain Voltage (V)
F ig u r e  6 .1 7 :  F r e q u e n c y  p u s h in g  o f  th e  K a -b a n d  o s c il la to r  u n d e r  
d i f f e r e n t  r e s o n a to r  c o n d it io n s :
RO : N o  e x te r n a l  r e s o n a to r  
R l :  O p e n -c i r c u it  r e s o n a to r  o f  le n g th  = 1 0 c m  
R 2 :  O p e n -c i r c u it  r e s o n a to r  o f  le n g th  = 5 0 c m  
R 3 :  O p e n - c i r c u i t  r e s o n a to r  o f  le n g th  = 1 0 0 c m
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Two extensions o f the balanced oscillator have been investigated in this chapter. They are 
the on-chip power combining and transmission line stabilisation techniques using balanced 
oscillators. Simplified derivations o f the oscillator improvements have been verified 
through experimental results o f the K and Ka-band oscillators described in Chapter 5.
On-chip power combining can be achieved when only one output o f the balanced oscillator 
is resistively terminated. Experimental results show that the outputs o f the oscillator can be 
effectively combined without using power combining hybrids. This results in compact 
designs with stable oscillators. Thus, it has significant potential in realising high power 
millimetre wave oscillators with enhanced performance
By terminating one o f  the balanced oscillator outputs with a reactively terminated 
transmission line, frequency stabilisation can be achieved. More than 20 dB improvement 
in phase noise was obtained for both the K and Ka-band oscillators. For simplicity, widely 
available coaxial transmission lines were used. However, any other low loss transmission 
lines can be employed. In fact, further reduction in phase noise can be achieved by using 
extremely low loss transmission line media, such as those fabricated using micromachining
[6.20]. The simplicity and robustness o f the technique offers great potential in the- 
development o f low-cost MMIC oscillators with significantly improved noise performance.
6.5 Conclusions
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Chapter 7
7 Conclusion
7 .1  C o n tr ib u tio n s  o f th is  T h es is
By examining the various circuit functions in frequency converters, major 
challenges in the realisation o f  fully integrated monolithic transmitters and 
receivers have been identified. Generally, these implementation difficulties can be 
attributed to the size limitations o f  MMICs and the low Q-factor o f  monolithic 
circuitry. This results in monolithic filters with low selectivity, and oscillators with 
poor phase noise and frequency stability. Monolithic power amplifiers also suffer 
from problems o f  heat extraction, matching to low impedances, and low gain, 
especially at millimeter-wave frequencies. Instead o f  attempting to improve the 
performance o f  the individual circuits, various novel techniques to circumvent 
these limitations have been developed in this research.
The requirement for high selectivity filters in conventional systems can be reduced 
by employing alternative system architectures and more sophisticated mixer 
structures. Direct conversion mixers, which eliminate the need for image-reject 
and IF filters, have been developed for V-band receivers. They employ a unique 
resistive FET mixer, which utilises a resonance technique to achieve port 
isolations without filtering. A double-balanced mixer has also been developed for 
millimeter-wave upconverter applications. It employs planar Marchand baluns and 
resistive FET mixers to achieve inherent port isolations and low spurious levels. 
The high input power capability o f  the mixer also reduced the gain requirements o f 
the output power amplifiers. The distributed mixer employing the resistive FET 
mixer technique has also been developed to achieve both low intermodulation and 
wideband performance.
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In addition to the development o f  advanced mixer structures, a unique oscillator 
circuit, which has two out-of-phase outputs, has also been introduced. Operating 
as a balanced oscillator, it can generate accurate anti-phase signals required in 
balanced mixers. This eliminates the need for space-consuming balun structures. It 
can also operate as a single output oscillator with improved output power and 
phase noise. This leads to the development o f monolithic oscillator power 
combining and frequency stabilisation techniques. These provide viable options for 
combating the limited output power and poor phase noise o f  monolithic 
oscillators.
Besides the introduction o f  novel circuit structures, analytical treatments of 
multiple FET mixers and Marchand baluns have also been presented. The large- 
signal /  small-signal analysis technique has been extended to the case o f  multiple 
FET mixers to accommodate balanced and distributed mixers. The Marchand balun 
has been analysed as a combination o f  two identical couplers. This leads to a new 
class o f  impedance transforming baluns. By employing couplers with tight 
coupling, the balun can provide matching to very low impedances required in 
power amplifier designs. Perfectly matched baluns can also be realised by adding a 
resistive network to the impedance transforming balun.
In summary, a considerable amount o f  original work has been presented in this 
thesis to address the implementation challenges o f  fully integrated monolithic 
frequency converters. A systematic approach based on analytical derivations, 
circuit realisations and measurement verifications have been adopted in the 
development o f  the various techniques. These techniques are expected to find 
significant applications in the realisation o f  single chip transmitters and receivers.
I l l
Having developed the various techniques for the development o f monolithic 
frequency converters, future work can focus on the application o f  these techniques 
in practical systems. The following are some suggestions for possible applications 
and extensions o f  the various techniques towards the realisation o f  highly 
integrated microwave systems with improved performance.
The V-band direct conversion mixers can be employed as mixing elements in I-Q 
demodulators for millimeter-wave digital communications. By incorporating on- 
chip quadrature couplers and microstrip patch antennas, a single-chip receiver can 
be readily implemented. This direct conversion receiver can be used in conjunction 
with single-chip direct modulators [7.1] to form a V-band digital communications 
link.
By implementing a push-pull power amplifier using the perfectly matched 
impedance transforming baluns, the potential advantages o f  the balun can be 
further investigated. With the use o f  very tight coupling quadrature couplers, the 
balun is expected to provide good matching to the low impedances o f  the power 
transistors over a broad bandwidth. The RF short circuit terminals o f  the balun 
provide convenient points for applying individual gate and drain biasing voltages 
without additional circuitry. The isolation between the balun balanced ports also 
reduce the possibility o f  even-mode oscillations common in push-pull amplifiers.
A major limitation o f  the double-balanced mixer is the high LO power 
requirement. This can be overcome by incorporating the push-pull power amplifier 
just described at the LO input. In this case, the balanced outputs o f  the push pull 
amplifier can drive the mixing elements directly without the need for an output 
balun. In addition, the balanced inputs for the push-pull amplifier can be generated 
using an integrated balanced oscillator. In this case, the input balun o f the push 
pull amplifier is also not required. This will result in a highly integrated frequency 
converter with on-chip LO oscillator. Alternatively, the balanced oscillator can 
operate as a single output power-combining oscillator. External transmission line 
stabilising technique can then be implemented to achieve the more stringent phase 
noise requirements in some applications.
7.2 Suggestions for Future Work
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Besides employing the balanced oscillator to pump balanced mixers, it is also 
possible to utilise the non-linear devices within the balanced oscillator as mixing 
elements. The result is a self-oscillating balanced mixer. Advantages o f  the 
balanced mixer, such as inherent port isolations and even-harmonic rejections, can 
then be obtained for the self-oscillating mixer. This approach o f  integrating several 
functions within the same circuit is an effective technique for implementing 
compact, multifunctional MMICs with low power consumption [7.2].
In conclusion, application o f  the various techniques developed in this research 
presents considerable scope for future work. Some o f  the suggestions have already 
been taken up by fellow researchers in the group. Preliminary results obtained for 
the push-pull amplifiers [7.3] and self-oscillating mixers [7.4] have been 
promising.
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